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To determine how hyaluronidase increases certain 
cancer cell sensitivity to tumor necrosis factor (TNF) 
cytotoxicity, we report here the isolation and character- 
ization of a hyaluronidase-induced murine WW domain- 
containing oxidoreductase (WOX1). WOX1 is composed 
of two N-terminal WW domains, a nuclear localization 
sequence, and a C-terminal alcohol dehydrogenase 
(ADH) domain. WOX1 is mainly located in the mitochon- 
dria, and the mitochondrial targeting sequence was 
mapped within the ADH domain. Induction of mitochon- 
drial permeability transition by TNF, staurosporine, 
and atractyloside resulted in WOX1 release from mito- 
chondria and subsequent nuclear translocation. TNF- 
mediated WOX1 nuclear translocation occurred shortly 
after that of nuclear factor-KB nuclear translocation, 
whereas both were independent events. WOX1 en- 
hanced TNF cytotoxicity in L929 cells via its WW and 
ADH domains as determined using stable cell transfec- 
tants. In parallel with this observation, WOX1 also en- 
hanced TRADD (TNF receptor-associated death domain 
protein) -mediated cell death in transient expression ex- 
periments. Antisense expression of WOX1 raised TNF 
resistance in L929 cells. Enhancement of TNF cytotoxic- 
ity by WOX1 is due, in part, to its significant down- 
regulation of the apoptosis inhibitors Bcl-2 and Bcl-x L 
(>85%), but up-regulation of pro-apoptotic p53 (-200%) 
by the ADH domain. When overexpressed, the ADH do- 
main mediated apoptosis, probably due to modulation of 
expression of these proteins. The WW domains failed to 
modulate the expression of these proteins, but sensi- 
tized COS-7 cells to TNF killing and mediated apoptosis 
in various cancer cells independently of caspases. Tran- 
sient cotransfection of cells with both p53 and WOX1 
induced apoptosis in a synergistic manner. WOX1 colo- 
calizes with p53 in the cytosol and binds to the proline- 
rich region of p53 via its WW domains. Blocking of WOX1 
expression by antisense mRNA abolished p53 apoptosis. 
Thus, WOX1 is a mitochondrial apoptogenic protein and 
an essential partner of p53 in cell death. 
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Most cancer cells are known to secrete the matrix-degrading 
enzyme hyaluronidase. Elevation of hyaluronidase levels is 
associated with progression, invasion, and metastasis of breast, 
ovarian, endometrial, prostate, and other cancers (1-5). Also, 
expression of hyaluronidase by tumor cells induces angiogene- 
sis in vivo (6). The growth of murine lung carcinoma and 
melanoma, for example, is influenced by Hyal-l f a locus deter- 
mining hyaluronidase levels and polymorphism (7). How hya- 
luronidase modulates cell growth is not known. 

Both in vitro and in vivo studies have shown that exogenous 
hyaluronidase reverses the resistance to chemotherapeutic 
drugs in cancer cells and solid tumors by increasing their 
exposure to the drugs (8-10). We have determined that hyalu- 
ronidase enhances cancer cell susceptibility to tumor necrosis 
factor (TNF) a -mediated cell death (11-13). For example, pre- 
treatment of murine L929 fibroblasts and human prostate LN- 
CaP cells with hyaluronidase for at least 12 h significantly 
increases their sensitivity to TNF-mediated death (100-700%) 
(11-13). The hyaluronidase-enhanced TNF sensitivity in L929 
cells is associated, in part, with up-regulation of pro-apoptotic 
P 53 (11-13). 

To further explore the mechanism whereby hyaluronidase 
enhances TNF cytotoxicity, we report here the isolation of a 
novel murine WW domain-containing oxidoreductase (Woxl) 
cDNA. Hyaluronidase increased Woxl gene and protein expres- 
sion. Ectopic expression of WOX1 in L929 cells enhanced their 
sensitivity to TNF cytotoxicity, whereas antisense Woxl raised 
TNF resistance. Thus, WOX1 is involved in the hyaluronidase- 
increased TNF sensitivity in various cancer cells. We produced 
polyclonal antibodies against WOX1, examined WOX1 cellular 
localization, and determined the possibility of WOX1 nuclear 
translocation in response to apoptotic stimuli and inducers of 
mitochondrial permeability transition. Overexpression of 
WOX1 was shown to induce cell death. We then examined 
whether the cell death was p53- or caspase-dependent. Since 
hyaluronidase up-regulates p53 expression, the role of p53 and 
WOX1 in mediating cell death was determined. 

EXPERIMENTAL PROCEDURES 

Molecular Cloning of Woxl — Isolation of novel cDNAs by differential 
display, library screening, and functional analysis has been described 
previously (14, 15). L929 cells were treated with bovine testicular 
hyaluronidase (200 units/ml; Sigma) for 4 h, followed by isolating total 
cellular RNA and performing first strand cDNA synthesis and differ- 



1 The abbreviations used are: TNF, tumor necrosis factor; WOXl, 
WW domam-containing pxidoreductase-1; GFP, green fluorescent pro- 
tein; ADH, alcohol dehydrogenase; NLS, nuclear localization sequence; 
SAPK/JNK, stress-activated protein kinase/c-Jun N-terminal kinase; 
NF, nuclear factor; COX4, cytochrome c oxidase subunit 4; TRADD, 
TNF receptor-associated death domain protein; AIF, apoptosis-inducing 
factor. 



This paper is available on line at http://www.jbc.org 



3361 



* 3362 



Hyaluronidase Induction of W0X1 



ential display (14, 15). A hyaluronidase-induced cDNA of 300 base pairs 
was isolated and used to screen a A-phage cDNA library from murine 
NIH/3T3 fibroblasts (CLONTECH, Palo Alto, CA). The isolated full- 
length cDNA insert was amplified by polymerase chain reaction (using 
A-phage primers) (see Table I) and subcloned into the TA cloning site of 
eukaryotic expression vector pCR3.1 (Invitrogen, San Diego, CA). Pro- 
tein domain analysis was performed using the SMART Simple Modular 
Architecture Research Tool (16, 17). As compared with the existing 
domains in the universal data bases, each resulting positive domain is 
determined according to a calculated £-value (16, 17). 

In Vitro Translation — The full-length murine Woxl cDNA was con- 
structed in the pCR3.1 vector. An in vitro translation kit (Novagen, 
Madison, WI) was used to transcribe the full-length Woxl -pCR3.1 con- 
struct into mRNA via the T7 promoter and to translate into [ 35 S]me- 
thionine-labeled WOX1 protein. 

Expression Constructs — Constructs, which were made with the 
pEGFP-Cl vector (CLONTECH), for expressing N-terminal green flu- 
orescent protein (GFP)-tagged proteins are shown in Table I. These 
constructs were used to express the full-length coding region (construct 
2), the antisense Woxl mRNA (expressing antisense Woxl mRNA and 
GFP protein; construct 3), the N-terminal WW domain region (construct 
4), a partial ADH domain (amino acids 180-392; construct 5), and the 
potential mitochondrial targeting regions in the ADH domain (amino 
acids 180-273 and 209-273; constructs 6 and 7, respectively). To ex- 
amine whether the large-size GFP protein (28 kDa) affects the WOX1 
function, similar constructs, which were made with a small C-terminal 
v5 tag (5 kDa) in the pcDNA3.1.TOPO vector (Invitrogen), were used to 
express full-length WOX1 (construct 8), the first WW domain (construct 
9), and the first and second WW domains (construct 10). 

p53 Expression Construct — A full-length p53 cDNA clone from nor- 
mal human tissues was found in the expressed sequence tag data base 
(GenBank™/EBI accession numbers AI243172 and AF307851) and ob- 
tained from Incyte Genomics (St. Louis, MO). The coding region was 
cloned into the pcDNA3.1/CTGFP-TOPO vector (Invitrogen) and tagged 
with a GFP sequence at the C terminus (construct 11) (see Table I). 

Site-directed Mutagenesis — Site-directed mutagenesis was per- 
formed to alter several indicated sites in the Woxl cDNA sequence 
using the QuikChange site-directed mutagenesis Kit (Stratagene, La 
Jolla, CA). The aspartic acid residues of a putative caspase recognition 
site (DIND, amino acids 267-270) were mutated to glycine, i.e. D267G 
and D270G (construct 17) (see Table I). The GKRKRV sequence (amino 
acids 50-55) of the nuclear localization sequence (NLS) was also mu- 
tated to GQGTGV (construct 18) (see Table I). 

Antibody Production— A WOX1 peptide (RLAFTVDDNPTKPT- 
TRQRY, amino acids 89-107) was synthesized by Genemed Biotechnol- 
ogies, Inc. (San Francisco, CA) and conjugated with keyhole limpet 
hemocyanin for antibody production in rabbits using the Pierce anti- 
body production kit. The selected WOX1 sequence is identical between 
human and mouse. 

Transient Transfection — In most cases, transfection studies were 
performed by our standard CaP0 4 precipitation method (14, 15). Forty- 
eight h post-transfection, the extent of cell death was measured by 
crystal violet staining (a measure of both necrosis and apoptosis). Ad- 
ditionally, DNA fragmentation assays (11) were performed to deter- 
mine the extent of apoptosis. To exclude the possibility of nonspecific 
killing of cells caused by transfection reagents or vectors alone, the 
observed results were repeated using liposome-based cell transfection 
reagents such as LipofectAMINE (Amersham Pharmacia Biotech), 
GeneFECTOR (Venn Nova, Pompano Beach, FL), and FuGENE 6 
(Roche Molecular Biochemicals) and electroporation (BTX ECM830, 
Genetronics, San Diego, CA). 

Stable Transfectants and TNF Cytotoxicity Assays — Stable transfec- 
tants of L929 cells for expressing the desired proteins were established 
as described previously (14, 15). Where indicated, L929 cells were 
electroporated with the above indicated purified Woxl construct DNAs 
(in pEGFP-Cl or pCR3.1), followed by selecting neomycin -resistant 
stable transfectants or cell colonies using 300 jig/ml G418, an analog of 
neomycin (Life Technologies, Inc.). Functional analysis of cellular sen- 
sitivity to TNF cytotoxicity was performed as described (11-15, 18). The 
established stable transfectants were cultured on 96-well plates over- 
night, followed by exposure to recombinant human TNF (Genzyme 
Corp. (Boston, MA) and R&D Systems (Minneapolis, MN)) for 16-24 h. 

Cell Lines — The following cell lines were from American Type Cul- 
ture Collection (Manassas, VA): murine L929 and NIH/3T3 fibroblasts; 
human ovarian ME 180 and HeLa cells, monocytic U937 and THP-1 
cells, transformed 293 fibroblasts, and Molt-4 T cells; neonatal rat H9c2 
cardiomyocytes; and monkey kidney COS-7 fibroblasts. The lympho- 
toxin-producing L929R cells (18), the human neural SK-N-SH cells, and 



the human breast MCF-7 cells were gifts of Dr. D. Beezhold, R. Aron- 
stam, and J. Noti (Guthrie Research Institute), respectively. 

Confocal Microscopy — Where indicated, confocal microscopy analysis 
was performed to determine the colocalization of WOX1 and mitochon- 
dria. Mitochondria were stained by antibodies against cytochrome c or 
by the membrane potential-sensitive mitochondrial stain Mitotracker 
Red CMXRos (Molecular Probes, Inc., Eugene, OR). 

Northern and Western Blotting — To perform Northern hybridization, 
L929 cells were cultured in 100-mm Petri dishes and treated with 
hyaluronidase (200 units/ml) for 1-24 h. Total cellular RNAs were 
isolated from these cells, and Northern hybridization was carried out 
using 40 /xg of RNA/lane (14, 15). Antibodies used in the Western 
blotting were against IicBa, Bcl-2, Bcl-x L , p53, a phospho-SAPK/JNK 
peptide, NF-kB, and a-tubulin (Transduction Laboratories (Lexington, 
KY) and Santa Cruz Biotechnology (Santa Cruz, CA)). Anti-GFP and 
anti-cytochrome c oxidase subunit 4 (COX4) antibodies were from 
CLONTECH. Where indicated, images were analyzed by the NIH Im- 
age program. Purification of rat liver mitochondrial proteins for West- 
ern blotting was performed as described (19). 

Yeast Two-hybrid Interactions — The CytoTrap yeast two-hybrid sys- 
tem was from Stratagene. Unlike the traditional system, which depends 
upon protein-protein interaction in the nucleus (20), this assay system 
is based on the binding of an Sos-tagged bait protein to a cell mem- 
brane-anchored target protein (tagged with a myristoylation signal) 
that results in activation of the Ras signaling pathway, thereby per- 
mitting mutant yeast cdc25H to grow at 37 °C using a selective agarose 
medium or plate containing galactose. Two constructs of Woxl as baits 
(in the pSos vector) and three constructs of p53 as targets (in the pMyr 
vector) were made (see Table I). Binding interactions using combination 
of these vectors were performed. Vectors that are included in the system 
for positive binding interactions are pSos-MafB and pMyr-MafB (21), 
and those that are included for negative binding interactions are empty 
pSos and empty pMyr, pMyr and lamin C, or other vectors. 

RESULTS 

Molecular Cloning of Murine Woxl— To further explore the 
mechanism whereby hyaluronidase enhances TNF cytotoxicity, 
we isolated a murine Woxl cDNA (2197 bases; GenBank™/EBI 
accession number AF187014) by differential display and cDNA 
library screening. The cDNA possesses an open reading frame, 
a typical Kozak sequence at the initiation site (ATG), and an 
upstream in-frame stop codon. The deduced murine WOX1 
protein sequence (414 amino acids, 46 kDa) possesses two 
N-terminal WW domains (first domain, amino acids 18-47; 
and second domain, amino acids 59-87), an NLS (GKRKRV, 
amino acids 50-55), and a C-terminal short-chain ADH domain 
(amino acids 121-330) (Fig. 1). WW domains are known to bind 
proteins with a particular proline motif, (A/P)PP(A/P)Y (22, 
23). Whether the WW domains of WOX1 bind to this motif is 
not known. 

The human gene coding for WOX cDNAs (or known as 
WWOX or FOR) has been mapped to a fragile site on chromo- 
some 16 (24-26). Murine WOX1 is highly homologous to full- 
length human WWOX (46 kDa) (24) and FOR II (46.7 kDa) (25). 
Three alternatively spliced variants are FOR I (41.2 kDa), FOR 
III (21.5 kDa), and FOR IV (4.1 kDa), which possess distinct 
C-terminal ends (Fig. 1) (25). Two alternatively spliced vari- 
ants we have identified and sequenced are human prostate 
WOX3 (identical to FOR III; GenBank™/EBI accession num- 
bers AI669330 and AF187015) (Fig. 1) and FOR I-related hu- 
man WOX5 (a partial clone; GenBank™/EBI accession number 
AI2 19858), whose ADH domain, but not the N terminus, is 
identical to the sequence of FOR I. 

Gene and Protein Expression — Murine L929 fibroblasts con- 
stitutively expressed a low level of Woxl mRNA, as determined 
by Northern blotting (Fig. 2A). Exposure of L929 cells to hya- 
luronidase for 2-24 h resulted in increased Woxl gene expres- 
sion (~2.3 kilobases), peaking at 8-24 h (-150% increase) (Fig. 
2A). The induced Woxl gene expression correlates positively 
with the induction of TNF sensitivity in L929 cells, which 
requires pretreatment with hyaluronidase for at least 10 h 
(11-13). 
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Fig. 1. Murine and human WW domain-containing oxidoreductase proteins. The deduced full-length murine WOX1 (GenBank™/EBI 
accession number AF187014) amino acid sequence (414 amino acids, 46.5 kDa) possesses two N-terminal WW domains (amino acids 18-47 and 
59-87; underlined), an NLS sequence (amino acids 50-55; underlined), and a C-terminal short-chain ADH domain (amino acids 121-330; 
underlined). A putative caspase recognition sequence (DIND, amino acids 267-270) and its cleavage site (arrow) are shown. Murine WOX1 is 
homologous to the following WOX proteins: human WWOX (GenBank™/EBI accession number AF211943) (24); human FOR I (41.2 kDa; accession 
number AF227526), FOR II (46.7 kDa; accession number AF227527), FOR III (21.5 kDa; accession number AF227528), and FOR IV (4.1 kDa; 
accession number AF227529) (25); and human WOX3 (accession numbers AI669330 and AF187015). WOX3 is identical to FOR III. 
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Fig. 2. WOX gene and protein expression. A, exposure of L929 fibroblasts to hyaluronidase (100 units/ml) resulted in a time-dependent 
increase in Woxl gene expression (-150% increase in 8 h; 40 /ig of total RNA/lane). B t in vitro translation of the isolated full-length Woxl cDNA 
(in the pCR3.1 vector) produced a 46-kDa protein and a 30-kDa protein. The 30-kDa protein is probably a degraded protein from 46-kDa WOXl. 
A putative caspase recognition site (DIND) was altered to a non-caspase recognition sequence (GING), designated WOXl(GING). This alteration 
failed to prevent the degradation during in vitro translation. C, stimulation of L929 cells with hyaluronidase (100-200 units/ml) for 24 h resulted 
in the increased expression of 46- and 30-kDa WOXl proteins, as determined by Western blotting using antibodies against a synthetic peptide of 
WOXl at the N terminus. At high concentrations (>400 units/ml), hyaluronidase suppressed WOXl expression. The 30-kDa protein is probably 
a degradation product of 46-kDa WOXl. 



As predicted, in vitro translation of the full-length murine 
Wbjci cDNA produced a protein of —46 kDa, as analyzed by 
reducing SDS-polyacrylamide gel electrophoresis (Fig. 2B). A 
30-kDa product was also observed (Fig. 2B). This protein is 
most likely a degradation product of 46-kDa WOXl since Woxl 
mRNA, which is derived from the cloned full-length cDNA, is 
unlikely to undergo alternative splicing. 

WOXl is a single chain protein and does not exist as a dimer, 
as determined by nonreducing SDS-polyacrylamide gel electro- 
phoresis. A putative caspase recognition site is DIND (267- 
270). However, this site does not appear to be the proteolytic 
degradation site. Alteration of the DIND sequence to a non- 
caspase recognition sequence (GING) by site-directed mutagen- 
esis failed to prevent WOXl degradation (Fig. 2B). The caspase 
inhibitor peptide acetyl-Asp-Glu-Val-Asp-CHO (aldehyde) at 
100-200 ftM failed to block WOXl degradation during in vitro 



translation. Furthermore, the serine protease inhibitors leu- 
peptin and leuhistin at 100 /im could not inhibit WOXl degra- 
dation during in vitro translation. 

Stimulation of L929 cells with hyaluronidase induced WOXl 
protein expression (Fig. 2C). Our produced antibodies, which 
interacted with both human and mouse WOXl, recognized both 
46- and 30-kDa WOXl (Fig. 2C). Whether this 30-kDa WOXl is 
a degraded protein from 46-kDa WOXl remains to be deter- 
mined. Our produced antibodies are specific since the preim- 
mune serum failed to interact with both WOXl proteins, the 
synthetic WOXl peptide blocked the binding of the antibodies 
to WOXl, and the antiserum also interacted with the in vitro 
translated WOXl protein (data not shown). 

WOXl Is Mainly Located in the Mitochondria, and TNF 
Mediates WOXl Nuclear Translocation — Immunostaining of 
COS-7 fibroblasts with an ti- WOXl and an ti -cytochrome c an- 
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Fig. 3. WOXl is mainly present in the mitochondria, and TNF mediates WOXl nuclear translocation. A, COS-7 cells were stained with 
both anti-WOXl and anti-cytochrome c antibodies, followed by staining with secondary antibodies, and subjected to confocal microscopy. 
Colocalization analysis showed that WOXl is mainly located in the mitochondria and nuclei. B t similar results were observed by staining neonatal 
rat H9c2 cardiomyocytes using both antibodies. C, Western blotting showed the presence of WOXl in the purified rat liver mitochondria. Also, the 
presence of COX4, a protein on the inner mitochondrial membrane, is regarded as a marker protein for mitochondria. D, when expressed in COS-7 
cells, the full-length murine GFP-WOXl protein (construct 2) (Table I) is mainly located in the mitochondria, as analyzed by counterstaining the 
cells with the membrane potential-sensitive mitochondrial stain MitoTracker Red CMXRos. Protein expression in cells was examined by 
fluorescent microscopy 24 h post-transfection. Also, by successive deletion and expression analyses, the mitochondrial targeting region was mapped 
to amino acids 209-273 of the ADH domain (GFP-WOXladh, construct 7). E, however, the truncated GFP-WOXlww protein (construct 4), which 
possesses the N-terminal WW domains and the NLS,- is present in the nucleus. F, stimulation of an established L929 cell line, which constitutively 
expresses full-length GFP-WOXl (construct 2), with TNF (20 ng/ml) resulted in the appearance of GFP-WOXl in the isolated nuclei at the 40-min 
time point (detected by anti-GFP antibodies). This correlates with the time course of cytochrome c release from mitochondria to the cytosol. 



tibodies showed the presence of WOXl in the mitochondria and 
nuclei, as determined by confocal microscopy and colocalization 
analysis (Fig. 3A). Similar results were observed using neona- 
tal rat heart H9c2 cells (Fig. 35). These results were further 
confirmed using human ovarian ME 180 and HeLa, breast 
MCF-7, and neural SK-N-SH cells; isolated rat heart cardiom- 
yocytes; and murine NIH/3T3 and L929 cells. The presence of 
WOXl in the mitochondria was further confirmed by Western 
blotting using purified rat liver mitochondria (Fig. 3C). COX4 
was examined as a marker protein for mitochondria (Fig. 3C). 

Tagging of full-length murine WOXl with an N-terminal 
GFP sequence (construct 2) (Table I) and expression in COS-7 
cells revealed the presence of GFP-WOXl in the mitochondria, 
as determined 24 h post-transfection (Fig. 3D). Mitochondria 
were stained by the membrane potential-sensitive stain Mito- 
tracker Red CMXRos. Less than 10% of the transfected cells 
had nuclear localization of this protein. 

By making successive deletion constructs (constructs 5-7) 
(Table I), and expressing these constructs in COS-7 cells, the 
mitochondrial targeting sequence in WOXl was mapped within 
the ADH domain (amino acids 209-273; construct 7) (Fig. 3D). 
The truncated GFP-WOXlww protein (amino acids 1-95; con- 
struct 4), which contains only the N-terminal WW domains and 
NLS, was expressed in the nucleus (Fig. 3E). Similarly, the 
human prostate GFP-WOX3 protein (see Fig. 1), which pos- 
sesses the WW domains, the NLS, and a partial ADH domain, 
was expressed in the nucleus (data not shown). 

A time course study showed TNF-mediated GFP-WOXl nu- 
clear translocation (Fig. 3F). This was determined by examin- 
ing isolated nuclei by Western blotting using an established 
L929 cell line stably expressing the GFP-WOXl protein (Fig. 
3F). This observation correlates with the time point of TNF- 
mediated cytochrome c release from mitochondria to the cytosol 
in L929 cells (Fig. 3F). Similarly, time-dependent endogenous 
WOXl protein nuclear translocation was also observed in 
COS-7 and H9c2 cells upon stimulation with TNF for 20 min 
(data not shown). 

TNF-mediated WOXl nuclear translocation took at least 



20-40 min, which occurred shortly after TNF-mediated p65 
NF-kB nuclear translocation (at -10-15 min), as determined 
by immunostaining and fluorescent microscopy. Alteration of 
the NLS sequence (GKRKRV) to a less hydrophilic sequence 
(GQGTGV) by site-directed mutagenesis (construct 18) abol- 
ished the TNF-mediated nuclear translocation of this mutant 
protein. No nuclear translocation was observed when treating 
the ADH domain (GFP-WOXladh, construct 5)-expressing cells 
with TNF. In parallel with the TNF-mediated mitochondrial 
permeability transition, treatment of COS-7 cells with atrac- 
tyloside (2 mM) (27) for 40 min to increase the opening of 
mitochondrial transition pores also resulted in cytochrome c 
release to the cytosol and WOXl nuclear translocation (data 
not shown). 

WOXl Enhances TNF Cytotoxicity by Up-regulation of p53, 
but Down-regulation of Bcl-2 and Bcl-x L — To determine the 
effect of WOXl on TNF cytotoxic functions, we established 
several L929 cell lines that stably expressed the above indi- 
cated GFP-WOXl proteins (using constructs 2, 4, and 5). Ex- 
pression of these proteins was determined by Western blotting 
using specific antibodies against GFP (Fig. 4A). As expected, 
the protein sizes of the expressed full-length GFP-WOXl (pre- 
dicted, 72 kDa; observed, 57 kDa) and GFP-WOXladh (predict- 
ed, 50 kDa; observed, 34 kDa) were reduced by ~15 kDa, 
probably due to C-terminal degradation. Exposure of these 
GFP-WOXl stable transfectants to TNF for 24 h resulted in 
enhancement of TNF-mediated cell death as compared with 
control cells transfected with GFP alone (Fig. 4B). Both the 
WW and ADH domains enhanced TNF-mediated L929 cell 
death (Fig. 4B). Expressing untagged full-length WOXl (con- 
struct 1) in L929 cells also increased their TNF sensitivity 
(data not shown), indicating that GFP does not affect the 
WOXl protein function. 

In contrast, constitutive expression of antisense Woxl mRNA 
(using construct 3) resulted in cellular resistance to TNF kill- 
ing (resistance increase by 65-90%). These observations indi- 
cate that WOXl participates in the TNF cytotoxicity pathway. 

Although NF-kB is believed to. play an essential role in 
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Polymerase chain reaction primers and expression constructs 




{"Unninff sito 




PCR a primers (5' to 3') 


pCR3.1 (no tag) 








1. W0X1-(1-414) (46 kDa) ft 


T/A 


Forward: 
Reverse: 


GGTGGCGACTCCTGGAGCCCG 
TTTGACACCAGACCAACTGGT 


pEGFP-Cl (N-terminal GFP tag) 








2. WOX1-U-414) (72 kDaf 


EcoRl 


Forward: 
Reverse: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 
TTCAGAATTCTTAGCTGGATGGACTACC 


3. Antisense WOX1-U-414) (26 kDa GFP) 


EcoRl 


Forward: 
Reverse: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 
TTCAGAATTCTTAGCTGGATGGACTACC 


4. WOXlww-U-95) (both WW domains; 


EcoRl 


Forward: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 


37 kDa) 




Reverse: 


TTCAGAATTCTTAGTCCACGGTAAATGCCAA 


5. WOXladh-( 180-392) (50 kDa) 


HindllVBamm 


Forward: 
Reverse: 


GCTCAAGCTTCGATGACCCTGGACCTGGCC 
GGTGGATCCTCCTCACTCTGAGCCTCC 


6. WOXladh-( 180-273) (36 kDa) 


EcoRl 


Forward: 
Reverse: 


TCGAATTCTATGACCCTGGACCTGGCC 

C AGAATTCT CAC C CGGAGGAGT C ATT AATATC 


7. WOXladh-(209-273) (33 kDa) 


EcoRl 


Forward: 
Reverse: 


TCGAATTCTATGACCTGTAATGCAGGGACGTTT 
C AGAATTCT CAC C CGGAGGAGTCATT AATATC 


pCDNA3.1 (C-terminal v5 tag) 








8. WOXl-( 1-414) (51 kDa) 


T/A 


Forward: 
Reverse: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 
GCTGGATGGACT ACC C AG 


9. WOXl-lww-(l-60) (first WW domain; 


T/A 


Forward: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 


12 kDa) 




Reverse: 


CGGCAAATCTCCTGCGAC 


10. WOXl-lww-U-90) (both WW domains; 


T/A 


Forward: 


AATCGAATTCAATGGCAGCTCTGCGCTAT 


16 kDa) 




Reverse: 


C AAT CTTGGATC C AAGTA 


pCDNA3.1/CTGFP (C-terminal GFP tag) 








11. p53-(l-393) (81 kDa) 


T/A 


Forward: 
Reverse: 


AAGATGGAGGAGC CGC AGTC 
TTTGTCTGAGTCAGGCCCTTCTGT 


pSos (N-terminal Sos tag) 








12. WOXl-(l^U) (172 kDa) 


Mlul 


Forward: 


CGCACGCGTGATGGCAGCTCTGCGCTATGC 


Id. WUAlww-(l-9U) (lo7 KDa) 




Reverse: 


CACGCGTGCGTTAGCTGGATGGACTACC 


»/f 7..T 

MlUl 


Forward: 
Reverse: 


CGCACGCGTGATGGCAGCTCTGCGCTATGC 
CACGCGTGCGTTACAATCTTGGATCCAAGTA 


pMyr (N-terminal Myr tag) 








14. p53-( 1-393) (55 kDa) 


EcoRl 


Forward: 
Reverse: 


AGAGAATT C ATGGAGGAGCCGC AGT CAG 
AGAGAATTCTCTT CAGT CTG AGTCAGGC CCT 


15. p53-(l-110) (14 kDa) 


EcoRl 


Forward: 
Reverse: 


AGAGAATT C ATGGAGGAGCCGCAGT CAG 
AGAGAATTCTCTT CAACGGAAACCGT AGCTGC C 


16. p53-(66-110) (14 kDa) 


EcoRl 


Forward: 
Reverse: 


AGAGAATTCATGC CAGAGGCTGCTCC CC 
AGAGAATTCTCTT CAACGGAAACCGT AGCTGC C 


Mutant constructs by site-directed mutagenesis 


Mutated sites 




Site of interest 



17. WOXl(GING)-pCR3.1 D267G and D270G 
Forward: TTTACAGGTATTAATGGCTCCTCCGGGAAACTT 
Reverse: AAGTTTCCCGGAGGAGCCATTAATACCTGTAAA 

18. WOXl(NLSqgtg)-pEGFP-C K51Q, R52G, K53T, and R54G 
Forward: ATCTCCTGCGACCCCTGTCCCCTGGCCGGTTTTCGG 



A putatative caspase cleave site (aa 267-270) 
Nuclear localization sequence (aa 50-55) 



° Polymerase chain reaction; aa, amino acids. 

6 Full-length WOX1 is from amino acids 1 to 414, and p53 is from amino acids 1 to » 
c The predicted protein size (protein plus the tag). 



blocking cell death by TNF, ionizing radiation, and anticancer 
drugs (28-33), the WOXl-increased TNF cytotoxicity is not due 
to impaired NF-kB activation or nuclear translocation. Time 
course studies showed that the kinetics of TNF-mediated IkBo 
degradation were similar in both GFP- and GFP-WOX1 -ex- 
pressing L929 cells (Fig. 4C). Also, TNF induced NF-kB (p65) 
nuclear translocation in both cells, as determined by immuno- 
staining and fluorescent microscopy (data not shown). Addi- 
tionally, TNF rapidly induced SAPK/JNK activation (peaking 
at 5-20 min) in both GFP- WOX1- and GFP-expressing cells, as 
determined using anti-phospho SAPK/JNK peptide antibodies 
in Western blotting. Thus, the involvement of NF-kB and 
SAPK/JNK in WOXl-increased TNF killing is unlikely. 

To exclude the possibility that the WOXl-increased TNF 
susceptibility in the established L929 transfectants is due to 
mutation of these cells, transient transfection experiments 
were performed. Transient expression of TRADD (34), the first 
adaptor protein recruited by the TNF receptor, in COS-7 fibro- 
blasts resulted in activation of the TNF killing pathway and 
cell death (Fig. 4D). The TRADD-mediated death was signifi- 



cantly enhanced (2-3-fold increase) by WOX1 (using a non- 
cytotoxic concentration) in cotransfection studies (Fig. AD). 
Similar results were observed with ovarian ME 180 and L929 
cells (data not shown). 

We next examined whether the WOXl-increased TNF killing 
is associated with down-regulation or up-regulation of apopto- 
sis regulatory proteins. Western blot analysis showed that p53 
expression was significantly increased (-200%) in L929 cells 
stably expressing full-length GFP-WOX1 or the GFP- 
WOXladh as compared with cells expressing GFP alone (Fig. 
4EI Both GFP-WOX1 and GFP-WOXladh proteins were pres- 
ent in the mitochondria (Fig. 3). In contrast, cells stably ex- 
pressing nuclear GFP-WOXlww failed to increase p53 expres- 
sion (Fig. 4E). Notably, the ADH domain significantly 
suppressed the expression of the apoptosis inhibitors Bcl-2 and 
Bcl-x L (>85%), whereas the WW domains had no effect (Fig. 
422). IkBc* levels in these cells were not changed (Fig. 42?). The 
housekeeping protein a-tubulin was examined as control for 
protein loading (Fig. 42?). These data suggest that enhance- 
ment of TNF killing by WOX1 is associated in part with its 
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Fig. 4. WOX1 enhances TNF killing of L929 cells. A, four stable L929 transfectants were established to continuously express full-length 
GFP-WOX1 (predicted, 72 kDa; observed, 57 kDa) (construct 2), truncated GFP-WOXlww (predicted, 37 kDa; observed, 33 kDa) (construct 4), 
truncated GFP-WOXladh (predicted, 50 kDa; observed, 34 kDa) (construct 5), or GFP protein (26 kDa) alone. A degradation of 15 kDa was observed 
in the expressed GFP-WOX1 and GFP-WOXladh proteins. Anti-GFP antibody was used in Western blotting, fl, exposure of these WOX1- 
expressing cells to TNF for 24 h resulted in enhancement of cell death as compared with the control GFP-expressing cells (n = 8). C, a 
representative time course study showed that TNF- mediated IkBo degradation was similar in both the GFP-WOX1- and GFP-expressing cells, 
indicating that WOX1 enhancement of TNF cytotoxicity is not due to impaired IkB<* degradation and NF-kB activation. D, transfection of COS-7 
cells (in 96-well plates) with a TRADD cDNA construct (in a cytomegalovirus-based pRK vector) by CaP0 4 resulted in cell death in 24 h (white 
bars), and the cell death was significantly enhanced by cotransfection with the full-length murine Wo*i -pCR3.1 cDNA (0.2 /AgAvell; construct 1; 
black bars). At this concentration, WOX1 could not mediate cell death. In controls, the empty vector pCR3.1 (0.2 /igAvell) failed to increase 
TRADD-mediated cell death. E t down-regulation of Bcl-2 and Bcl-x L expression and up-regulation of p53 expression were observed in the cells 
expressing GFP-WOX1 or GFP-WOXladh, but not in the cells expressing GFP-WOXlww or GFP alone. Both IkBct and a-tubulin levels were not 
changed in these cells. 



increased p53 expression and reduced expression of Bcl-2 and 
Bcl-x L . 

WW Domain-mediated Apoptosis Is Independent ofCaspases 
and Serine Proteases — Indeed, transient overexpression of 
WOX1 in cells mediated death over a 48-h culture period. For 
instance, the TNF-resistant NIH/3T3 fibroblasts were trans- 
fected with the full-length Woxl cDNA (construct 1) by CaP0 4 , 
and cell death was observed 48-h post-transfection (Fig. 5A). 
The apoptotic cells revealed condensation of cytoplasm and 
nuclei. Similarly, transient expression of full-length Woxl me- 
diated the death of ME180, L929, U937, and other TNF-resist- 
ant cells such as 293, L929R, and neonatal rat H9c2 cardiom- 
yocytes (data not shown). 

As summarized in Table II, both the ADH (construct 5) and 
WW (construct 4) domains induced DNA fragmentation when 
overexpressed in NIH/3T3 cells. As a positive control, overex- 
pression of p53 induced apoptosis. In contrast, both antisense 



Woxl (construct 3) and NLS-mutated WOX1 (NLSqgtg, con- 
struct 18) failed to mediate DNA fragmentation. Failure of 
NLS-mutated WOX1 in inducing apoptosis suggests that nu- 
clear translocation of WOX1 is necessary for inducing cell 
death. Also, the presence of the WW domains in WOX1 may 
suppress the apoptosis-inducing activity of the ADH domain. 

The WW domain-induced cell death is independent of 
caspases and serine proteases. Transient expression of the 
N-terminal WW domains (first and second domains; construct 
10) or the first WW domain (construct 9) in NIH/3T3 cells also 
resulted in cell death 48 h post-transfection (Fig. 5B). These 
proteins contain the NLS, thus expressing in the nuclei. Expo- 
sure of the transfected cells to the caspase inhibitors acetyl- 
Asp-Glu-Val-Asp CHO (aldehyde) and benzyloxycarbonyl-Val- 
Ala-Asp-fluoromethyl ketone and the serine protease inhibitors 
leupeptin and leuhistin (100 /im) failed to block cell death (Fig. 
5B). These results indicate that the WW domain-mediated cell 
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Fig. 5. WW domain-mediated cell death is independent of caspases and serine proteases. A, transient expression of full-length 
Woxl -pCR3.1 (construct 1) in NIH/3T3 cells resulted in cell death, as observed 48-h post-transfection (by the CaP0 4 method), whereas the empty 
pCR3.1 vector had no effect. The cells were stained by crystal violet. B, transient expression of the first and second WW domains 
(WOXl-2ww-pcDNA3.1, construct 10) or the first WW domain (WOXl-lww-pcDNA3.1, construct 9) resulted in the death of NIH/3T3 cells. The 
caspase inhibitors acetyl-Asp-Glu-Val-Asp-cho (Ac-DEVDcho) and benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone iz-VAD.fmk) (100 jiM) and 
the serine protease inhibitors leuhistin and leupeptin (100 jam) failed to block the WW domain-mediated cell death. The extent of cell death was 
quantified {bar graph). The empty vector-transfected cells (without treatment) were regarded as 0%. 



Table II 

WOXl-mediated DNA fragmentation ofNIH/3T3 cells 

Increase in DNA fragmentation Vector" 





% 




Sham 


0 


None 


Empty vector 


32 


pEGFP-Cl 


Full-length WOXI 


448 


2 


WOXladh-( 180-392) 


312 


5 


WOXlww-(l-95) 


334 


4 


WOXl-(NLSqgtg) 


31 


18 


Antisense WOXI 


78 


3 


p53 


344 


11 



a See Table I for the vectors. NIH/3T3 cells were transfected with 20 
/ug of DNA by CaP0 4 . Forty-eight h post-transfection, the extent of DNA 
fragmentation was determined and quantified by NIH Image. 

death is independent of caspases and serine proteases. 

WOXI and p53 Are Partners in Apoptosis — Since WOXI in- 
creased p53 expression, we then investigated whether p53 is 
involved in the WOXl-mediated cell death. Transient expres- 
sion of the WW domains mediated the death of NIH/3T3 cells in 
48 h, and the killing function was increased by cotransfection 
with p53 (Fig. 6, A, panels a and 6). Also, using non-killing 
concentrations of p53 and WOXI in transfecting monocytic 
U937 cells (by electroporation), a synergistic killing effect was 
observed when combining p53 and WOXI (data not shown). 

Notably, antisense expression of WOXI in NIH/3T3 cells 
abolished p53-mediated cell death (Fig. 6A, panel c). Similarly, 
antisense expression of WOXI also inhibited p53 apoptosis of 
THP-1 cells in cotransfection experiments (Fig. 6B). These 
results suggest that there is a partnership between p53 and 
WOXI in apoptosis. 

However, using p53-deficient NCI-H1299 cells, transient ex- 
pression of both the WW and ADH domains mediated cyto- 
chrome c release from mitochondria and cell death, indicating 
that WOXl-mediated cell death is independent of p53 (Fig. 6C). 
Similar results were observed using full-length WOXI (data 
not shown). Together, these data suggest that WOXl-mediated 
apoptosis is independent of p53, but p53 apoptosis requires the 
participation of WOXI. 

The WW Domains of WOXI Bind to the Proline-rich Region of 
p53 — Confocal microscopy and colocalization analysis revealed 
that p53 and WOXI colocalized in the cytosol and partly in the 
nuclei in MCF-7 cells (Fig. 7A). Similar results were obtained 
using other cells such as ME 180 and COS-7. 

Immunoprecipitation of L929 cytosolic lysates with anti-p53 
antibodies resulted in coprecipitation of both p53 and WOXI 
(Fig. IB), indicating the binding interactions between endoge- 
nous p53 and WOXI. The presence of p53 in the precipitates 
was confirmed using anti-p53 antibodies in Western blotting 
(data not shown). Stimulation of L929 cells with TNF for 2 h 



resulted in migration of both proteins to the nuclei (determined 
by immunostaining) (data not shown) and the disappearance of 
both proteins from the cytosolic lysates in coprecipitation stud- 
ies (Fig. IB), 

Yeast two-hybrid analysis showed that the proline-rich re- 
gion of p53 (amino acids 66-110) physically interacts with the 
WW domains of WOXI in vivo (Fig. 7C). In negative controls, 
no binding interactions were observed using antisense 
WOXI ww and p53, empty vector (pSos) and empty vector 
(pMyr), and MafB and lamin C (Fig. 7C). MafB self-binding 
interactions were tested as positive binding controls (Fig. 7C). 

DISCUSSION 

In this study, we cloned and functionally characterized the 
murine WOXI protein by antibodies, GFP tagging and expres- 
sion, and other approaches. The gene encoding WOXI is located 
on a fragile chromosomal site (24-26), Homozygous deletion of 
this gene has been found in various cancers (24-26). Whether 
WOXI plays a role in cancer development remains to be estab- 
lished. We determined that WOXI is located mainly in the 
mitochondria. Mitochondrial intermembrane space is a reser- 
voir for a variety of apoptogenic proteins such as cytochrome c; 
procaspase-2, -3, and -9; and apoptosis-inducing factor (AIF) 
(35). Whether WOXI is present in this intermembrane space 
remains to be established. Apoptotic stimuli such as TNF and 
staurosporine induce WOXI nuclear translocation. WOXI en- 
hances TNF cytotoxic function via its nuclear targeting WW 
domains and the mitochondrial targeting ADH domain, sug- 
gesting that WOXI functions at both cytosolic and nuclear 
levels. Functionally, WOXI mediates apoptosis when overex- 
pressed. WOXI binds p53 in the cytosol. WOXl-mediated ap- 
optosis is independent of p53, whereas p53-mediated cell death 
requires the participation of WOXI. This observation suggests 
that WOXI is an essential partner of p53 in apoptosis. 

In agreement with other studies (24, 25), Woxl mRNA is 
ubiquitously expressed in most tissues and organs in mouse, as 
determined by reverse-transcription-polymerase chain reac- 
tion (data not shown). Based on the gene structure, four splice 
variants of WOX proteins are predicted (25). However, we 
observed additional WOX protein species at high molecular 
sizes (65 and 100 kDa) in Western blotting using human organs 
and cell lines (data not shown). Also, three mRNA transcripts 
probably encoding high molecular mass WOX proteins have 
been found (25), Indeed, additional splice variants have also 
been found in the updated expressed sequence tag data base. 
Accordingly, the functional properties of these proteins remain 
to be established. 

TNF-mediated WOXI nuclear translocation is independent 
of the TNF signaling pathway that leads to phosphorylation 
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Fig. 6. p53-mediated apoptosis is blocked by antisense Woxl. A, shown in panel a is the p53-increased killing of NIH/3T3 cells by WW 
domains in transient expression experiments (by CaP0 4 ) using constructs of both WW domains (construct 10), the first WW domain (construct 9), 
and/or p53 (construct 11). The extent of cell death is demonstrated in panel 6 as a bar graph. The empty vector-transfected cells are regarded as 
0% killing. As shown in panel c, blocking of WOXI expression by antisense mRNA (construct 3) resulted in inhibition of p53-mediated cell death 
in cotransfection experiments. J5, as determined by DNA fragmentation assays, inhibition of p53 apoptosis by antisense Woxl mRNA was also 
observed in monocytic THP-1 cells (electroporation with construct 2, 3, or 11 and/or an empty vector). The sham electroporation is regarded as 
background DNA fragmentation (0%). C, nonetheless, in the p53-deficient NCI-H1299 cells, transient expression of both the WW (construct 4) and 
ADH (constructs 6 and 7) domains mediated cytochrome c release and cell death. Similar results were observed using the full-length GFP-WOX1 
construct (data not shown). The sham transfection is regarded as 0% killing. 



and degradation of IkBck and activation of p65 NF-kB and 
SAPK/JNK (36-38). For example, the GFP-WOXl-expressing 
COS-7 cells were pretreated with the proteasome inhibitor 
benzyloxycarbonyl-Leu-Leu-Leu CHO (aldehyde) (10 /am) to 
block IkBck degradation or with the IkBoc phosphorylation in- 
hibitors Bay 11-7082 and Bay 11-7085 (30 /am) for 1 h, followed 
by exposure to TNF. These treatments inhibited TNF-mediated 
p65 NF-kB activation or nuclear translocation, but failed to 
abolish the GFP-WOX1 nuclear translocation, as determined 
by immunostaining and fluorescent microscopy (data not 
shown). 

Nonetheless, TNF-mediated WOXI release from mitochon- 
dria could be dependent upon activation of BID (39). TNF 
mediates cleavage of BID to truncated BID, which translocates 
to the mitochondria. Truncated BID oligomerizes BAK to gen- 
erate membrane pores, thus allowing cytochrome c and proba- 
bly WOXI release. Truncated BID-mediated cytochrome c re- 
lease does not appear to be involved in the opening of 
mitochondrial transition pores (40). However, atractyloside, an 
inducer of mitochondrial permeability transition, also induces 
WOXI nuclear translocation. This observation suggests that 
WOXI release from mitochondria could be dependent upon 
mitochondrial transition pores as well as BAK oligomerization. 

The WW domains of WOXI are more potent than full-length 
WOXI in sensitizing the TNF-resistant COS-7 cells to TNF 
killing. We found that when COS-7 cells were transiently 
transfected with the N-terminal WW domains of WOXI and 
cultured for 16-24 h, followed by exposure to TNF, these cells 
underwent nuclear fragmentation in 3 h and subsequent rup- 
ture of the cytosolic components and nuclear condensation in 
6-16 h. Nonetheless, a prolonged treatment (>12 h) of the 



full-length WOXl-expressing COS-7 cells with TNF is required 
to induce cell death. 

An intriguing finding in our study is that stable expression of 
the ADH domain or full-length WOXI in the mitochondria 
resulted in down-regulation of Bcl-2 and Bcl-x L , but up-regu- 
lation of p53 in L929 cells. In contrast, the WW domains, when 
expressed in the nuclei, failed to modulate the expression of 
these proteins. These results suggest that WOXI indirectly 
regulates the expression of p53, Bcl-2, and Bcl-x L . 

The anti-apoptotic Bcl-2 and Bcl-x L proteins block mitochon- 
drial permeability transition and prevent cytochrome c release 
from mitochondria (41). Bcl-x L blocks cytochrome c release by 
binding to the anion channel voltage-dependent anion channel 
on the outer membrane of mitochondria (42). Binding of Bcl-x L 
to voltage-dependent anion channel results in closure of the 
voltage-dependent anion channel. We determined that WOXI 
significantly reduces the expression of Bcl-2 and Bcl-x L in mi- 
tochondria. This event may result in opening of the mitochon- 
drial permeability transition pores and release of apoptogenic 
proteins from the intermembrane space. This notion is sup- 
ported by the observation that transient overexpression of the 
ADH domain in cells caused cytochrome c release and death. 

Another intriguing finding is that when overexpressed, the 
mitochondrial targeting ADH domain alone (using three re- 
gions of the ADH domains; constructs 5-7) was capable of 
inducing cell death. However, the apoptosis-inducing activity 
was not found in NLS-mutated full-length WOXI (construct 
18), which indicates that nuclear translocation is needed for 
the WW domains to mediate cell death. Also, the presence of 
the mutated WW domains appears to suppress cell death by the 
ADH domain. Suppression of the ADH domain function is 
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A. WOXllpS3 colocalization 



B. Endogenous pS3 binds WOXl 
in the cytosol 



WOXl 


PS3 


merge 


V 










f — . 









L929 



TNF-a 



hr 



IP: anti-p53 — — - «f - 
rRanii-WOXI - 



WOXl 





light 
chain 



Bloc anti-WOXl 



C. The WW domains of WOXl internet with 
the protine-rich region of pS3 in yeast 

WOXl/pS3 
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ManVMaffi 
MafB/Lamln C 
Vector/Vector 

Fig. 7. p53 and WOXl colocalization and binding interactions. A, confocal microscopy and colocalization analysis revealed that p53 and 
WOXl are colocalized in the cytosol and partly in the nucleus in MCF-7 cells (magnification x 400). B t immunoprecipitation (IP) of endogenous 
WOXl with anti-WOXl antibodies from tie cytosolic lysates of L929 cells, followed by blotting with anti-WOXl antibodies, revealed the presence 
of 46-kDa WOXl (third lane). Also, precipitation with anti-p53 antibodies, followed by blotting with anti-WOXl antibodies, also resulted in the 
appearance of 46-kDa WOXl (second lane), indicating binding of endogenous p53 to WOXl. In the control without antibodies added, no precipitated 
protein was observed (first lane). Exposure of L929 cells to TNF (20 ng/ml) for 1 h resulted in the disappearance of WOXl from the cytosol, due 
to migration of both p53 and WOXl to the nuclei (fifth and sixth lanes). C, yeast two-hybrid analysis was performed (see "Experimental 
Procedures"). Interactions between target and bait proteins allow Sos-mediated activation of the Ras signaling pathway, which permits the 
temperature-sensitive yeast cdc25H to grow at 37 °C. Positive binding interactions between full-length p53 (construct 14) and full-length WOXl 
(construct 12) or WOXlww (both WW domains; construct 13) are demonstrated, as evidenced by the growth of yeast at 37 °C. Similar results were 
obtained with the N-terminal proline-rich region in p53 (amino acids 1-100 and 66-100; constructs 15 and 16, respectively) and full-length WOXl. 
p53 failed to bind to the antisense construct of WOXlww (reverse orientation of WOXlww cDNA). MafB protein self-interaction is a positive control 
for the assay system. In negative controls, the yeast failed to grow at 37 °C when testing MafB-lamin C or empty vector (pSos)-empty vector (pMyr) 
interactions. Two representative colonies (out of i5-30) are shown from each binding experiments. 



probably related to protein folding when the WW domains are 
present in the WOXl protein. Other types of dehydrogenase 
domain proteins such as AIF (35) and the CC3 protein (43) have 
been shown to induce cell death when overexpressed. 

Endogenous WOXl colocalizes with p53 in the cytosol. Ec- 
topic expression of both GFP-WOX1 and red fluorescent pro- 
tein-tagged p53 in COS-7 cells also results in cytosolic colocal- 
ization (>50% in p53/WOXl-expressing cells) (data not shown). 
Co-immunoprecipitation studies further support binding of p53 
with WOXl in the cytosol. Yeast two-hybrid experiments show 
the binding of the WW domains of WOXl to the proline-rich 
region (amino acids 66-110) in p53. Based on these observa- 
tions, it is reasonable to suggest that both p53 and WOXl 
migrate together to the nucleus in response to TNF. 

Ectopic expression of p53 and WOXl showed that both pro- 
teins mediate apoptosis in a synergistic manner. Although 
WOXl can mediate apoptosis independently of p53, blocking of 
WOXl expression by antisense mRNA abolishes p53 apoptosis. 
The inhibition of p53 apoptosis is not due to blocking of p53 
protein synthesis by the antisense Woxl mRNA (data not 
shown). These observations strongly indicate that WOXl is an 
essential partner of p53 in apoptosis. The proline-rich region 
has been shown to be necessary for p53-mediated apoptosis 
(44). Our data suggest that binding of WOXl to this region in 
p53 appears to be essential for p53 apoptosis-inducing activity. 

A wide range of transcription factors including c-Jun, AP-2, 
NF-E2, CAAT/enhancer-binding protein-a, and PEBP2/CBF, 
contain the WW domain-binding motif (22, 23). Thus, most of 
the WW domain-containing proteins act as gene transcription 
activators or coactivators (45, 46). When overexpressed, the 
WW domains of WOXl mediate apoptosis. Whether this is 
related to the transcriptional activation of apoptotic genes by 
the WW domains of WOXl remains to be established. None- 



theless, our data show that the WW domains fail to increase 
p53 protein expression and suppress Bcl-2 and Bcl-x L 
expression. 

Susin et al. (35) isolated mitochondrial AIF, a homolog of 
bacterial oxidoreductase. Once released from mitochondria, 
AIF translocates to the nucleus. Although recombinant AIF 
induces apoptosis of isolated nuclei (35), whether nuclear AIF 
induces chromatin condensation and nuclear DNA fragmenta- 
tion in vivo is unknown. In response to apoptogenic signals 
such as staurosporine, both WOXl and AIF migrate to the 
nucleus and mediate cell death in a caspase-independent mech- 
anism. TNF induces WOXl nuclear translocation. Whether 
AIF migrates to the nucleus in response to TNF is unknown. 
WOXl enhances TNF cytotoxicity by increasing the expression 
of p53 (and probably other pro-apoptotic proteins) as well as 
suppressing the expression of Bcl-2 and Bcl-x L . In contrast, AIF 
does not appear to be involved in the regulation of protein 
expression. Whether AIF and WOXl act synergistically in me- 
diating cell death is not known. 

Although the TNF signaling pathway that leads to caspase 
activation and cell death has been well defined, we 2 and others 
(47) have shown that TNF-mediated cell death cannot be 
blocked by inhibitors of caspases. This raises the possibility 
that TNF induces a caspase-independent killing pathway. Data 
from us and Susin et al. (35) support that both WOXl and AIF 
are the downstream mediators of the caspase-independent 
TNF killing pathway. 

Finally, a high abundance of WOXl was observed in rat 
heart (data not shown). This suggests that WOXl plays a 
homeostatic role in this organ. The heart is a TNF-producing 



2 N.-S. Chang, N. Pratt, J. Heath, and L, Schultz, unpublished data. 
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organ, and TNF plays a key role in the pathogenesis of conges- 
tive heart failure (48, 49). Patients with chronic and severe 
congestive heart failure have increased levels of TNF in the 
circulation and cardiac tissues. TNF exerts a negative inotropic 
effect and triggers the apoptotic process in cardiomyocytes. 
Whether WOX1 plays a major role in the TNF-mediated apop- 
tosis of cardiomyocytes remains to be established. 
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Inhibition of the p53 Tumor Suppressor Gene Results in 
Growth of Human Aortic Vascular Smooth Muscle Cells 

Potential Role of p53 in Regulation of Vascular Smooth 

Muscle Cell Growth 

Motokuni Aoki, Ryuichi Morishita, Hidetsugu Matsushita, Shin-ichiro Hayashi, Hironori Nakagami, 
Kei Yamamoto, Atsushi Moriguchi, Yasufumi Kaneda, Jitsuo Higaki, Toshio Ogihara 

Abstract — Loss of activity of the p53 tumor suppressor gene product has been postulated in the pathogenesis of human 
restenosis. Although the antioncogenes p53 and retinoblastoma (Rb) susceptibility gene have been reported to play a 
pivotal role in cell cycle progression in various cells, the role of p53 and Rb in the growth of human vascular smooth 
muscle cells (VSMC) has not yet been clarified. We used antisense strategy against p53 and Rb genes by the viral 
envelope-liposomal method. Transfection of antisense p53 oligodeoxynucleotides (ODN) alone resulted in an increase 
in DNA synthesis compared with control (P<0.01). Similarly, transfection of antisense Rb ODN alone resulted in a 
higher DNA synthesis rate than control (P<0.01). Moreover, increase in VSMC number was only induced by 
transfection of antisense p53 ODN alone or cotransfection of p53/Rb ODN (P<0.01), whereas a single transfection of 
antisense Rb ODN had little effect on cell number. Therefore, we hypothesized that this discrepancy is due to the 
induction of apoptosis mediated by p53. Interestingly, apoptotic cells were markedly increased in VSMC transfected 
with antisense Rb ODN alone, accompanied by the induction of p53 protein. The number of apoptotic cells was 
attenuated by cotransfection of antisense p53 ODN (P<0.01). We finally examined the molecular mechanisms of 
apoptosis induced by the absence of Rb. In VSMC transfected with antisense Rb ODN, bax, a promoter of apoptosis, 
was significantly increased in VSMC transfected with antisense Rb ODN (P<0.01), whereas bcl-2 and Fas did not play 
a pivotal role in the induction of apoptosis. Overall, these data first demonstrated that the antioncogenes p53 and Rb 
negatively regulated the cell cycle in VSMC, suggesting that the modulation of their activity may mediate VSMC 
growth such as that in restenosis and atherosclerosis. The presence of p53 plays a pivotal role in the regulation of 
apoptosis in human VSMC growth, probably through the bax pathway. These results provide evidence that p53 is a 
functional link between cell growth and apoptosis in VSMC. (Hypertension. 1999;34:192-200.) 

Key Words: antisense ■ genes ■ apoptosis ■ restenosis ■ muscle, smooth, vascular 



Intimal hyperplasia is the pathological process that under- 
lies restenosis, atherosclerosis, and vascular graft occlu- 
sion; it develops in large part as a result of vascular smooth 
muscle cell (VSMC) proliferation and migration induced by a 
complex interaction of multiple growth factors that are 
activated by vascular injury. 1 The process of VSMC prolif- 
eration is dependent on the coordinated activation of a series 
of cell cycle regulatory genes that results in mitosis. A critical 
element of cell cycle progression regulation involves the 
complex formed by E2F, cyclin A, and cdk 2. 2 The dissoci- 
ation of the transcription factor E2F from this complex is 
proposed to play a pivotal role in the regulation of cell 
proliferation by inducing the coordinated transactivation of 
genes involved in cell cycle regulation. The importance of 
cell cycle regulation is apparently great, because we and 



others have previously reported the successful prevention of 
restenosis after angioplasty with antisense oligodeoxynucle- 
otides (ODN) against cell cycle regulatory genes, decoy cis 
element of E2F binding site, and gene transfer of nonphos- 
phorylated Rb (retinoblastoma gene). 3 " 6 Therefore, research 
has focused on the role of antioncogenes in the regulation of 
VSMC growth. In particular, p53 (p53 tumor suppressor 
gene) and Rb have been postulated to negatively regulate the 
cell cycle in various cell types. 7-9 However, little is known 
about the role of p53 and Rb in the regulation of VSMC. The 
presence of a functional p53 protein has been implicated as a 
critical determinant to regulate DNA replication, DNA repair, 
and programmed cell death. 7 - 9 - 11 On the other hand, the 
antiproliferative effect of the Rb product has also been 
reported to depend on its capacity to bind to E2F and thereby 
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prevent this transcription factor from binding to the E2F cis 
element within the promoters of the essential cell cycle 
regulatory genes. 7 - 10 Therefore, the abnormal progression of 
the cell cycle seen in cancer is thought to result from the 
mutation of these negative cell cycle regulatory genes, 
especially p53 and Rb. 7 ~ 9 Of importance, recent studies 
suggested that loss of p53 activity may be responsible for the 
pathogenesis of human restenosis. 12-14 From this viewpoint, it 
is necessary to understand the negative regulation of the cell 
cycle by p53 and Rb in human VSMC. This study examines 
the role of p53 and Rb in negative regulation of the cell cycle 
in human VSMC with the use of antisense strategy. 

Methods 

Cell Culture 

Human aortic VSMC (passage 5) were obtained from Clonetics Corp 
(San Diego, Calif) and cultured in modified MCDB131 medium 
supplemented with 5% fetal calf serum, 100 U/mL penicillin, 100 
mg/mL streptomycin, 10 ng/mL epidermal growth factor, 2 ng/mL 
basic fibroblast growth factor, and 1 mmol/L dexamethasone in the 
standard fashion. 15 All the cells were used within passages 5 to 6. 

Synthesis of ODN and Selection of 
Target Sequences 

The sequences of phosphorothioate ODN against human p53 and Rb 
were as previously reported 16 ' 17 : (Rb antisense: 5'-GTG-AAC-GAC- 
/17C-TCA-TCT-AGG-3'; Rb sense: S'-CCT-AGA-TGA-O^-GTC- 
GGT-CAC-3'; p53 antisense: 5'-CGG-CTC-CTC-C4r-GGC-AGT- 
3'; p53 sense: S'-ACT-GCC-zirG-GAG-GAG-CCG^'; scrambled 
Rb: 5'-AGC-TAG-CTA-GCT-AGC-TAG-CTA-3'; scrambled p53: 
5'-AGT-GGC-CTG-CAT-CTC-CGC-3'; antisense thrombomodu- 
lin: 5'-ACC-CAG-AAA-GAA-AAT-CCC-3\ These antisense ODN 
inhibit human p53 and Rb synthesis in human hematopoietic 
cells. 16 - 17 We also used scrambled ODN (5'-CGT-CGT-CGG-TAC- 
CGT-CCA-3') as negative control. 

Preparation of Hemagglutinating Virus of 
Japan Liposomes 

Phosphatidylserine, phosphatidylcholine, and cholesterol were 
mixed in a weight ratio of 1:4.8:2. 3 5 Dried lipid was hydrated in 200 
/xL balanced salt solution (BSS) (137 mmol/L NaCl, 5.4 mmol/L 
KG, 10 mmol/L Tris-HCl, pH 7.6) containing sense or antisense 
ODN. The control liposome complex contained BSS without ODN. 
Purified hemagglutinating virus of Japan (HVJ) (Z strain) was 
inactivated by UV irradiation (110 ergs/mm 2 per second) for 3 
minutes just before use. The liposome suspension was mixed with 
HVJ (20 000 hemagglutinating units). The mixture was incubated at 
4°C for 10 minutes and then for 60 minutes with gentle shaking at 
37°C. Free HVJ was removed from the HVJ liposomes by sucrose 
density gradient centrifugation. The top layer of the sucrose gradient 
was collected for use. 

Effect of Antisense ODN on DNA Synthesis 

VSMC were seeded onto 96-well tissue culture plates. At 80% 
confluence, VSMC were rendered quiescent by incubation for 48 
hours in defined serum-free medium (DSF) supplemented with 
insulin (5X10~ 7 mol/L), transferrin (5 mg/mL), and ascorbate 
(0.2 mmol/L). 18 Then 10 fiL HVJ liposomes (containing 15 /imol/L 
ODN) was added to the wells. The cells were incubated at 4°C for 10 
minutes and then at 37°C for 30 minutes. The cells were washed 3 
times with BSS containing 2 mmol/L CaCl 2 and incubated in DSF 
for 16 hours. Relative rates of DNA synthesis were assessed by ' 
determination of 3 H-thymidine incorporation into trichloroacetic 
acid-precipitable material over the next 24 hours after 16 hours of 
incubation. 19 



Counting of Cell Number 

Human aortic VSMC were seeded onto uncoated 96-well tissue 
culture plates (Coming). After cells reached 80% confluence, the 
medium was changed to fresh DSF. The cells were then incubated 
for 48 hours. Then transfection of ODN was performed as described 
above. On day 1, the medium was again changed to fresh DSF 
containing 0.05% fetal bovine serum (GIBCO). After 3 days, an 
index of cell proliferation was determined with a water soluble 
tetrazolium (WST) cell counting kit (Wako). 20 Briefly, 50 000 cells 
per well reflects absorbance of 1 for the manufacturer's recom- 
mended conditions. The sensitivity of the WST assay is double that 
of the 3-(4,5-dimethyl-thiazole-2-yl)-2,5-diphenyl-tetrazolium bro- 
mide (MTT) assay. For our experimental conditions, an increase in 
absorbance of 0.2 reflects increase in cell number from 20 000 cells 
per well. 

Counting of Apoptotic Cells 

As an assay of cell death by apoptosis, we used fluorescent 
DNA-binding dyes to define nuclear chromatin morphological fea- 
tures as a quantitative index of apoptosis within the cell culture 
system. Cells to be analyzed for apoptosis were stained with Hoechst 
33342 and propidium iodide and viewed under fluorescence micros- 
copy as previously described. 21 " 24 The use of both membrane- 
permeable (H33342) and -impermeable (PI) dyes in the assay 
allowed the determination of cell viability and plasma membrane 
integrity and an accounting of any nonapoptotic toxic or necrotic 
death induced in the study groups. Cells were seeded onto 6-well 
dishes (Laboratory-Tek) and were cultured in DSF for 2 days after 
subconfluence. Transfection procedures were as described above. To 
stain the cells for DNA, they were incubated with Hoechst 33342 (5 
/ig/mL in PBS) for 20 minutes at 37°C. 23 Individual nuclei were 
visualized at X400 to distinguish the normal uniform nuclear pattern 
from the characteristic condensed coalesced chromatin pattern of 
apoptotic cells. To quantify apoptosis, 400 nuclei from random 
microscopic fields were analyzed by an observer blinded to the 
treatment groups. 

In addition, we used the measurement of cellular DNA fragmen- 
tation with a cellular DNA fragmentation ELISA kit (Boehringer 
Mannheim) to quantity apoptosis induced by antisense ODN. 25 
Briefly, measurement of 10 000 apoptotic cells per well reflects 
absorbance of 1.5 for the manufacturer's recommended conditions. 
The sensitivity of DNA fragmentation ELISA assay is well corre- 
lated with the results from the conventional 3 H-thymidine- based 
DNA fragmentation assay. For our experimental conditions, increase 
in absorbance of 0.2 reflects increase in cell number from 2000 
apoptotic cells per well. 

Western Blot 

Western blot was performed for analysis of Rb, p53, bax, and bcl-2 
proteins. VSMC were seeded onto 10-cm dishes. VSMC were grown 
to confluence and made quiescent by incubation in DSF before 
transfection. Seventy-two hours after transfection, the cells were 
fixed with 10% trichloroacetic acid in saline, followed by extraction 
of total protein with urea-TX (9 mol/L urea, 2% Triton-X, and 5% 
2-mercaptoethanol). Samples containing 100 fig protein were run on 
7.5% (Rb) or 12.5% (p53, bax, and bcl-2) sodium dodecyl sulfate 
polyacrylamide gels. Proteins were separated by SDS-PAGE, trans- 
ferred to nitrocellulose membrane (Hybond ECL, Amersham), and 
incubated with a monoclonal antibody to Rb (1:500; Pharmingen), 
p53 (1:20; Calbiochem), bax (1:100; Calbiochem), or bcl-2 (1:100; 
DAKO) at 4°C overnight. To quantify and compare levels of 
proteins, the density of each band was measured by densitometry 
(Shimazu). Amounts of loaded proteins were equal, as confirmed by 
the staining with Coomassie brilliant blue R (Sigma). Staining with 
Coomassie brilliant blue R revealed identical protein amounts in all 
samples of Western blotting. Western blotting of tubulin with the use 
of anti-rubulin antibody (anti-human mouse IgG; 1:100; Oncogene) 
was also performed to confirm the equal amounts of loaded proteins. 
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Figure 1. a, Typical example of Western blot of p53 and tubulin 
proteins in VSMC transfected with antisense p53 or Rb ODN. b, 
Percent changes in protein level of p53 in VSMC transfected 
with antisense p53 or Rb ODN. No ODN indicates untransfected 
VSMC in DSF; S-p53, VSMC transfected with sense p53 ODN in 
DSF; AS-p53, VSMC transfected with antisense p53 ODN in 
DSF; GM, untransfected VSMC in growth medium (5% serum); 
and AS-Rb, VSMC transfected with antisense Rb ODN in DSF. 
The values were summed from 5 independent experiments. 
"P<0.01, *P<0.05 vs 1; ##P<0.01, #P<0.05 vs 2. 



Flow Cytometry 

For the detection of proliferating cell nuclear antigen (PCNA) 
expression by flow cytometry, cells were first fixed at - 10°C for 5 
minutes in paraformaldehyde-lysine-periodate fixation solution 2 
days after transfection. After removal from the fixation solution, 
cells were washed in PBS and incubated with PCNA monoclonal 
antibody for 30 minutes at 4°C, washed in PBS, and incubated with 
fluorescent isothiocyanate- conjugated rabbit anti-mouse IgG mono- 
clonal antibody (DAKO, High Wycombe, England) for 20 minutes at 
4°C. An irrelevant IgGl monoclonal antibody was used in parallel as 
an isotopic control (Oncogene Science, Cambridge, England) before 
incubation with the conjugated secondary antibody. Flow cytometric 
analysis was performed on a FACScan flow cytometer. The assess- 
ment of cellular DNA content was also made with a flow cytometer. 
The cell cycle distribution data were obtained with the use of the 
Rectangle-Fit (R-FIT) mathematical algorithm of the FACScan/ 
Cell fit software program in the standard manner. Expression of Fas 
in human aortic VSMC was also examined by flow cytometry with 
the use of anti-Fas antibody (anti-mouse IgM; Tago). 

Statistical Analysis 

All values are expressed as mean±SEM. ANOVA with subsequent 
Scheffe's test was used to determine the significance of differences 
in multiple comparisons. P<0.05 was considered significant. 

Results 

Effect of Antisense p53 and Rb ODN in 
Human VSMC 

Initially, we examined the presence of products of p53 and Rb 
genes in human aortic VSMC. As shown in Figures 1 and 2, 
the presence of p53 and Rb protein in human aortic VSMC 
was confirmed by Western blot. Therefore, we tested whether 
transfection of antisense p53 and Rb ODN into VSMC has 
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Figure 2. a, Typical example of Western blot of Rb and tubulin 
proteins in VSMC transfected with antisense Rb ODN. b, Per- 
cent changes in protein level of Rb in VSMC transfected with 
antisense Rb ODN. No ODN indicates untransfected VSMC in 
DSF; S-Rb, VSMC transfected with sense Rb ODN in DSF; 
AS-Rb, VSMC transfected with antisense Rb ODN in DSF; and 
GM, untransfected VSMC in growth medium (5% serum). The 
values were summed from 5 independent experiments. 
**P<0.01 vs 1; ##P<0.01 vs 2. 

effects on human VSMC growth. Transfection of either 
antisense p53 ODN alone or antisense Rb ODN alone or 
cotransfection of antisense p53 and Rb ODN (p53/Rb ODN) 
resulted in a significant increase in DNA synthesis assessed 
by 3 H-labeled thymidine incorporation (Table). Increase in 
DNA synthesis in VSMC transfected with antisense p53 
ODN alone and p53/Rb ODN was significantly higher than 
that with antisense Rb ODN alone (P<0.01). In contrast, 
transfection of scrambled ODN did not alter DNA synthesis 
(data not shown). The specificity of antisense p53 ODN was 
confirmed by the observation that the marked decrease in p53 

Stimulatory Effect of Antisense p53 and/or Rb ODN in Growth 
of Human VSMC 



Treatment 


Thymidine 
Incorporation, 
cpm (n=6) 


No. Of VSMC, 
Absorbance at 
450 nm (n=8) 


No ODN 


824±102 


0.355±0.019 


Sense Rb ODN 


810±97 


0.365±0.021 


Antisense Rb ODN 


1602±101** 


0.359±0.028 


Sense p53 ODN 


786±121 


0.337±0.015 


Antisense p53 ODN 


2205±251t§|| 


0.437±0.024f§fl 


Sense Rb and p53 ODN 


749 ±121 


0.354±0.012 


Antisense Rb and p53 ODN 


2685±354t§1l 


0.440±0.017t§1l 


10% serum 


4203±475f§1l 


0.666±0.016t§H 



*P<0.05 vs respective sense ODN. 
t/^0.01 vs respective sense ODN. 
t/><0.05 vs no ODN. 
§/><0.01 vs no ODN. 
||P<0.05 vs antisense Rb ODN. 
1)P<0.01 vs antisense Rb ODN. 
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Figure 3. Western blot of p53 and tubulin proteins in VSMC 
transfected with antisense p53 ODN. 1 , VSMC transfected with 
antisense thrombomodulin ODN in DSF; 2, VSMC cotransfected 
with sense p53 and sense Rb ODN in DSF; 3, VSMC trans- 
fected with scrambled Rb ODN in DSF; 4, VSMC transfected 
with sense Rb ODN in DSF; 5, VSMC transfected with scram- 
bled p53 ODN in DSF; 6, VSMC transfected with sense p53 
ODN in DSF; 7, untransfected VSMC in growth medium (5% 
serum); 8, VSMC transfected with antisense p53 ODN in DSF; 
and 9, untransfected VSMC in DSF. 

protein was only observed by transfection of antisense p53 
ODN but not sense p53, scrambled p53, sense Rb, scrambled 
Rb, the combination of sense p53 and sense Rb ODN, and 
thrombomodulin antisense ODN (Figure 3). Marked decrease 
in p53 mRNA was also observed by the transfection of 
antisense p53 ODN but not sense p53 ODN, scrambled p53, 
sense Rb ODN, and antisense thrombomodulin ODN as 
assessed by Northern blotting (data not shown). The speci- 
ficity of antisense Rb ODN was also confirmed by the 
observation that transfection of antisense Rb ODN into 
quiescent VSMC resulted in a decreased level of Rb protein 
(Figure 2). In contrast, transfection of sense Rb ODN, 
transfection of scrambled Rb ODN, cotransfection of sense 
p53 and sense Rb ODN, and transfection of antisense throm- 
bomodulin ODN did not affect the level of Rb protein 
(Figures 2 and 4). It is noteworthy that in VSMC transfected 
with antisense Rb ODN, p53 protein was significantly in- 
creased compared with VSMC transfected with sense ODN 
(Figure 1). Protein of p21 (WAF1/SDI1) that was induced by 
p53 gene was also decreased in VSMC transfected with 
antisense p53 ODN (sense p53, 100%; scrambled p53, 
104 ±2%; antisense p53 ODN, 63 ±5%; P<0.01 for antisense 
p53 ODN versus sense p53 and scrambled p53 ODN). 

Next, we examined the number of VSMC to investigate 
whether an increase in DNA synthesis stimulates cell growth. 
Of importance, transfection of antisense p53 ODN and 
antisense p53/Rb ODN resulted in a significant increase in 
number of VSMC compared with respective sense ODN- 
transfected VSMC, whereas there was no significant differ- 
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Figure 4. Western blot of Rb and tubulin proteins in VSMC 
transfected with antisense Rb ODN. 1, Untransfected VSMC in 
growth medium (5% serum); 2, untransfected VSMC in DSF; 3, 
VSMC transfected with antisense Rb ODN in DSF; 4, VSMC 
transfected with sense Rb ODN in DSF; 5, VSMC transfected 
with scrambled Rb ODN in DSF; 6, VSMC cotransfected with 
sense p53 and sense Rb ODN in DSF; and 7, VSMC transfected 
with antisense thrombomodulin ODN in DSF. 
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Figure 5. Dose-dependent stimulatory effects of antisense p53 
ODN on the number of VSMC. sense-p53 indicates VSMC 
transfected with sense p53 ODN in DSF; antisense-p53, VSMC 
transfected with antisense p53 ODN in DSF; SD-p53, VSMC 
transfected with scrambled p53 ODN in DSF; and AS-TM, 
VSMC transfected with antisense thrombomodulin ODN in DSF. 
Each group contains 8 samples. **P<0.01 vs other groups. Val- 
ues are expressed as percent increase in cell number compared 
with untransfected VSMC. 

ence in VSMC number between VSMC transfected with 
antisense Rb ODN and sense Rb ODN (Table). In contrast, 
there was no significant change in number of VSMC and 
DNA synthesis transfected with sense p53 ODN, scrambled 
p53 ODN, sense Rb ODN, scrambled Rb ODN, sense p53/Rb 
ODN, or antisense thrombomodulin ODN. Moreover, the 
stimulatory effects of antisense p53 ODN on VSMC growth 
occurred in a dose-dependent manner, as shown in Figure 5. 
In contrast, transfection of neither sense p53 ODN, scrambled 
p53 ODN, nor antisense thrombomodulin ODN stimulated 
VSMC growth (data not shown). 

To confirm that antisense p53 and Rb ODN promoted cell 
cycle progression of VSMC, the cell cycle of VSMC transfected 
with antisense ODN was also analyzed by flow cytometry. 
PCNA-positive VSMC, as a marker of entry into the S phase, 
were markedly increased in cells transfected with antisense 
p53 ODN or antisense Rb ODN compared with sense 
ODN-transfected cells (Figure 6b), consistent with results on 
DNA synthesis. Transfection of sense p53 ODN, scrambled 
p53 ODN, sense Rb ODN, and antisense thrombomodulin 
ODN did not alter the cell cycle. As shown in Figure 6c, 
progression of the cell cycle into S and G 2 /M phases was also 
confirmed in VSMC transfected with antisense p53 ODN or 
antisense Rb ODN. These results demonstrated that transfec- 
tion of either antisense p53 ODN or antisense Rb ODN 
resulted in cell cycle progression into the G 2 /M phase. 
However, there is a discrepancy between the increase in DNA 
synthesis and absence of increase in VSMC number in cells 
transfected with antisense Rb ODN alone. Cell cycle progres- 
sion by antisense p53 ODN was also supported by the 
phosphorylation of Rb. As shown in Figure 7, phosphorylated 
Rb was clearly observed in VSMC transfected with antisense 
p53 ODN, whereas this occurred with neither sense p53 ODN 
nor scrambled p53 ODN. 

Apoptosis in VSMC Transfected With Antisense 
Rb ODN 

To investigate the mechanisms of this discrepancy, we have 
focused on the role of p53, because p53 has been postulated 
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Figure 6. a, Flow cytometry of VSMC transfected with antisense p53 or Rb ODN. b, Stimulatory effect of antisense p53 and Rb ODN 
on PCNA-positive VSMC assessed by fluorescence-activated cell sorter, c, Effect of antisense p53 and Rb ODN on VSMC number in S 
and G 2 /M phases assessed by fluorescence-activated cell sorter. S-p53 indicates VSMC transfected with sense p53 ODN in DSF; 
Scramble-p53, VSMC transfected with scrambled p53 ODN in DSF; S-Rb, VSMC transfected with sense Rb ODN in DSF; AS-TM, 
VSMC transfected with antisense thrombomodulin ODN in DSF; S-Rb&p53, VSMC cotransfected with sense p53 and Rb ODN in DSF; 
AS-p53 t VSMC transfected with antisense p53 ODN in DSF; AS-Rb, VSMC transfected with antisense Rb ODN in DSF; and GM, 
untransfected VSMC in growth medium (5% serum). **P<0.01 , *P<0.05 vs S-Rb&p53. Each group contains 8 samples. 



to regulate programmed cell death, as discussed earlier. 
Given the cell cycle progression into the G 2 /M phase by 
transfection of antisense Rb ODN alone, it is not likely that 
the lack of increase in the number of VSMC lacking Rb ODN 
is due to the cell cycle progression into the S phase but not to 
the G 2 /M phase. Therefore, we hypothesized that the presence 



of p53 mediated programmed cell death in VSMC transfected 
with antisense Rb ODN alone. As shown in Figure 8a to 8c, 
the number of apoptotic cells assessed by nuclear staining 
was significantly increased by transfection of antisense Rb 
ODN alone compared with sense ODN. Of importance, 
cotransfection of antisense p53 and Rb ODN attenuated the 
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Figure 7. Typical example of Western blot of Rb and tubulin 
proteins in VSMC transfected with antisense p53 ODN. 1, 
Untransfected VSMC in growth medium (5% serum); 2, VSMC 
transfected with scrambled p53 ODN in DSF; 3, VSMC trans- 
fected with antisense Rb ODN in DSF; 4, VSMC transfected 
with sense p53 ODN in DSF; and 5, transfected VSMC with 
antisense p53 ODN in DSF. 

increase in number of apoptotic cells (Figure 8d). In contrast, 
transfection of sense p53 ODN, scrambled p53 ODN, and 
sense Rb ODN did not increase the apoptotic cells (sense p53, 
6.7±1.5%; scrambled p53, 6.2±1.4%; sense Rb, 6.3±1.2%; 
antisense Rb, 21.7±5.2%; P<0.01 for antisense Rb versus 
other groups). These results demonstrated the presence of 
p53 -induced apoptosis in VSMC lacking Rb protein by 
antisense Rb ODN. These results were confirmed by the 
measurement of DNA fragmentation (Figure 9). Consistent 
with nuclear staining, DNA fragmentation in VSMC trans- 
fected with antisense Rb ODN was significantly increased 
compared with that in VSMC transfected with sense ODN in 
a time-dependent manner (P<0.01). Increased DNA frag- 
mentation was also significantly attenuated by cotransfection 
of antisense p53 ODN (P<0.05). The specificity of apoptosis 
induced by antisense Rb ODN was also supported by the 
observation that there was no significant difference in DNA 
fragmentation rate at 4 days after transfection among VSMC 
transfected with sense p53 ODN, scrambled p53 ODN, and 
sense Rb ODN (sense p53, 0.280±0.016; scrambled p53, 
0.295±0.016; sense Rb, 0.276±0.017; antisense Rb, 
0.428±0.038 absorbance; P<0.01 for antisense Rb versus 
other groups). 

Molecular Mechanisms of Apoptosis in VSMC 
Transfected With Antisense Rb ODN 

Because p53 regulates apoptosis in bcl-2, antiapoptotic gene, 
dependent pathway, and independent pathway, levels of bcl-2 
and bax were measured by Western blot. As shown in Figure 
10, bax protein was significantly increased in VSMC trans- 
fected with antisense Rb ODN compared with sense Rb ODN 
(P<0.01). More importantly, upregulation of bax induced by 
transfection of Rb antisense ODN was significantly abolished 
by cotransfection of p53 antisense ODN. In contrast, as 
shown in Figure 1 1, transfection of antisense Rb ODN alone 
into VSMC also resulted in an increase in bcl-2 protein 
compared with sense Rb ODN. The ratio of bax to bcl-2 was 
significantly increased in VSMC transfected with antisense 
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Figure 8. a through c, Typical example of apoptotic cells in VSMC 
transfected with antisense Rb ODN. a, No apoptotic changes were 
observed in VSMC treated with 5% serum, b, Morphological apo- 
ptotic cells with nuclear condensation after transfection of anti- 
sense Rb ODN. c, Morphological apoptotic cells with nuclear frag- 
mentation after transfection of antisense Rb ODN. d, Number of 
apoptotic cells in VSMC transfected with antisense Rb ODN. 
S-Rb&p53 indicates VSMC cotransfected with sense p53 and Rb 
ODN in DSF; AS-Rb, VSMC transfected with antisense Rb ODN in 
DSF; AS-Rb&p53, VSMC cotransfected with antisense Rb and p53 
ODN in DSF; and GM, untransfected VSMC in growth medium (5% 
serum). **P vs S-Rb&p53. Values are expressed as percentage of 
apoptotic cells of total cell number. Each group contains 8 samples. 



m Hypertension August 1999 




a) 



AS- Rb&p53 



0.0 



Figure 9. DNA fragmentation expressed as absorbance units in 
VSMC transfected with antisense Rb ODN and p53 ODN, 
assessed by ELISA, at 2 (a) and 4 (b) days after transfection. No 
ODN indicates untransfected VSMC in DSF; S-Rb&p53, VSMC 
cotransfected with sense Rb and p53 ODN in DSF; AS-Rb, 
VSMC transfected with antisense Rb ODN in DSF; and 
AS-Rb&p53 t VSMC cotransfected with antisense Rb and p53 
ODN in DSF. "P<0.01 vs No ODN; ttP<0.01 vs No ODN; 
#P<0.05 vs S-Rb&p53. Each group contains 8 samples. 



Rb ODN (P<0.01, Figure 12), possibly leading to apoptosis. 
Of importance, consistent with the increased number of 
apoptotic VSMC, the increase in the ratio of bax to bcl-2 was 
significantly attenuated by cotransfection with antisense p53 
ODN, in addition to antisense Rb ODN (P<0.05). We also 
measured the expression of Fas, a death factor, in VSMC 
treated with antisense Rb ODN. However, transfection of 
antisense Rb ODN did not affect Fas expression compared 
with sense Rb ODN, as assessed by flow cytometry (data not 
shown). 

Discussion 

A fundamental pathological feature of vascular disease is 
marked by the abnormal accumulation of cells within the 
intimal space, resulting in neointimal lesion formation pro- 
duced by alterations in the homeostatic balance between cell 
growth and cell death. 1 One successful approach is to target 
components of the common pathways that are shared by 
many growth factors. On the basis of this concept, we have 
reported that local delivery of antisense ODN directed against 
cell cycle regulatory genes and ODN containing the E2F cis 
element sequence as "decoys" inhibited neointimal formation 
in several models of vascular lesion formation. 3-6 These 
results emphasize the importance of cell cycle regulation in 
the disease process. In contrast, negative regulation of the cell 
cycle is thought to be controlled by antioncogenes in many 
cell types. Because p53 and Rb have been reported to play a 
pivotal role in the regulation of cell growth, 27 * 8 frequent 
mutations in these genes cause a break of cell cycle control, 
resulting in the neoplastic transformation in human cancers. 
Given that loss of p53 activity induced by cytomegaloviral 
infection might be related to the pathogenesis of resteno- 
sis, 12 - 14 it is important to understand the negative cell cycle 
regulation in human VSMC. Therefore, we used a "loss of 
function" approach, with antisense ODN, to clarify the roles 
of p53 and Rb. 
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Figure 10. a, Typical example of Western blot of bax and tubu- 
lin proteins in VSMC transfected with antisense p53 or Rb ODN. 
b, Percent changes in protein level of bax in VSMC transfected 
with antisense p53 or Rb ODN. No ODN indicates untransfected 
VSMC in DSF; S-Rb&p53, VSMC cotransfected with sense Rb 
and p53 ODN in DSF; AS-Rb, VSMC transfected with antisense 
Rb ODN in DSF; AS-Rb&p53, VSMC cotransfected with anti- 
sense Rb and p53 ODN in DSF; and GM, untransfected VSMC 
in growth medium (5% serum). The values were summed from 5 
independent experiments. **P<0.01 vs 1; ##P<0.01 vs 2. 



The present results showed that single transfection of 
antisense p53 ODN and cotransfection of p53/Rb ODN 
promoted DNA synthesis and growth of VSMC, whereas 
single transfection of antisense Rb ODN resulted in increased 
DNA synthesis but not number of VSMC (Table). The 
specificity of antisense ODN was supported by several 
observations: (1) the decrease in p53 or Rb protein level only 
by antisense p53 or antisense Rb ODN (Figures 1, 3, 4, and 
5); (2) the decrease in p53 mRNA by antisense p53 ODN 
(Figure 2); (3) the decrease in p21 protein, an inducible 
protein by p53, by antisense p53 ODN; (4) the lack of 
response to either sense or scrambled ODN on DNA synthe- 
sis (Table ); and (5) the lack of response to either sense or 
scrambled ODN on cell number (Table). Although we 
thought that transfection of antisense Rb ODN alone pro- 
moted cell cycle progression into the S phase but not the 
G 2 /M phase, our initial hypothesis was not supported by flow 
cytometry, which demonstrated that transfection of either 
antisense p53 ODN alone or antisense Rb ODN alone 
promoted cell cycle progression into both S and G 2 /M phases 
(Figure 6). Although the present study demonstrated negative 
control of the cell cycle by Rb in human VSMC, loss of Rb 
function is not enough to stimulate human VSMC growth. In 
contrast, loss of p53 activity in human aortic VSMC is 
sufficient to promote cell growth. 

Because regulation of the intimal cell population requires a 
delicate balance between cell influx, cell growth, and cell death, 1 
we hypothesized that cells lacking Rb undergo cell death/apo- 
ptosis, resulting in no change in net balance of cell number 
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Figure 11. a, Typical example of Western blot of bcl-2 and 
tubulin proteins in VSMC transfected with antisense p53 or Rb 
ODN. b, Percent changes in protein level of bcl-2 in VSMC 
transfected with antisense p53 or Rb ODN. Abbreviations are as 
defined in Figure 10. The values were summed from 5 indepen- 
dent experiments. "P<0.01, *P<0.05 vs 1; ##P<0.01 ( #P<0.05 
vs 2. 

despite cell cycle progression. It has become increasingly 
clear that the process of cell death by apoptosis is a relatively 
ubiquitous phenomenon observed in a variety of cell types, 
including VSMC. 26 " 29 Indeed, recent studies suggest that 
apoptosis occurs within the context of atherosclerosis and 
restenosis after angioplasty. 27 " 29 These phenomena were also 
confirmed in experimental animals, demonstrating that cell 
death by apoptosis appears to occur during the processes of 
vascular remodeling and lesion formation. 30 ' 31 Therefore, 
p53-mediated apoptosis demonstrated in this study is impor- 
tant in understanding the regulation of VSMC growth, be- 
cause p53 is known to regulate DNA replication, DNA repair, 
and programmed cell death. 7 910 The evidence of apoptosis 
induced by p53 in cells lacking Rb was supported by several 
observations: (1) the increase in apoptotic cells by antisense 
Rb ODN alone (Figure 8); (2) the increase in DNA fragmen- 
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Figure 12. Ratio of bax to bcl-2 in VSMC transfected with anti- 
sense Rb ODN and p53 ODN at 4 days after transfection. 
Abbreviations are as defined in Figure 10. Each group contains 
5 samples. **P<0.01 vs No ODN; ##P<0.01 vs S-Rb&p53. 



tation by antisense Rb ODN alone (Figure 9); and (3) the 
increase in number of apoptotic cells and DNA fragmentation 
that was abolished by cotransfection of antisense p53 ODN 
(Figures 8 and 9). The present data were consistent with the 
previous observation by Bennett et al 32 that both disruption of 
Rb/E2F and inhibition of p53 are required for plaque VSMC 
to proliferate without apoptosis. In this study, we used 
antisense strategy, whereas Bennett et al used retroviral 
constructs expressing dominant-negative Rb and p53 genes to 
explore the interplay of these pathways. Moreover, our 
finding that p53 was upregulated in cells lacking Rb supports 
the previous finding that the ablation of Rb enhances apopto- 
sis and overexpression suppresses apoptosis. 32 Consistently, 
abnormally extensive apoptosis was detected in Rb-deficient 
mice. 33 On the other hand, overexpression of E2F-1 gene 
resulted in escape from G 0 into S phase, yet it also initiated 
p53-dependent apoptosis. 34 Probably the inappropriate entry 
into the S phase, such as through loss of Rb and release of 
E2F, in the absence of survival factors may be associated with 
the activation of apoptosis in the presence of functional p53. 
In contrast, no increase in VSMC proliferation has been 
observed in p53 and Rb knockout mice. 33 The findings from 
knockout mice seem to be different from those of the present 
study. This discrepancy between knockout mice and the 
present study is probably due to counterregulatory mecha- 
nisms during the developmental stage. 

One of the functions of p53 is to repress expression of bcl-2 
gene, which exhibits an antiapoptotic action through a cis- 
acting p53 negative-response element located in the 5'- 
untranslated region. 35 However, apoptosis in VSMC trans- 
fected by antisense Rb ODN observed in this study is unlikely 
through the bcl-2 pathway, because upregulation of bcl-2 
protein was observed in cells lacking Rb. Recently, p53 has 
also been reported as a direct transcriptional activator of bax 
gene, which is a homologous protein of bcl-2 gene but which 
attenuated bcl-2 function. 36 Bcl-2 and bax are homologous 
proteins that have opposing effects on cell life and death, with 
bcl-2 serving to prolong cell survival and bax acting as an 
accelerator of apoptosis. 37 The bcl-2 and bax proteins can 
form heterodimers in cells. 37 Of importance, transfection of 
antisense Rb ODN resulted in a significant increase in bax 
expression in the presence of p53, leading to the significant 
increase in the ratio of bax to bcl-2 in VSMC that lack Rb. 
Apoptosis observed in this study may be mediated through 
the p53-bax pathway. The previous finding that VSMC from 
atherosclerotic plaques showed a higher number of apoptotic 
cells than normal VSMC despite the stable expression of 
bcl-2 gene suggests the presence of an independent apoptotic 
pathway from bcl-2 gene in human VSMC. 22 Our data may 
explain the mechanisms of apoptosis observed in such ath- 
erosclerotic plaques and restenosis lesions. Consistent with 
our data, Bennett et al 38 also reported that bcl-2 probably does 
not play a major role in regulation of apoptosis in VSMC. On 
the other hand, Fas, another death factor, may not be related 
to the apoptosis induced by antisense Rb ODN, because 
transfection of antisense Rb ODN did not affect Fas expres- 
sion. Because it was previously reported that apoptosis of rat 
VSMC is regulated by p53-dependent and -independent 
pathways, 38 other mechanisms might be involved in the 
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apoptosis of VSMC. Furthermore, the sensitivity of apoptosis 
induced by p53 may be different among the species of VSMC 
(p53-sensitive human and rabbit VSMC and p53-resistant rat 
VSMC). 39 

Overall, these data first demonstrated that p53 and Rb 
negatively regulate the cell cycle in human aortic VSMC, 
suggesting that modulation of their activity may mediate 
VSMC growth such as that in restenosis after angioplasty and 
atherosclerosis. The product of p53, rather than Rb, may play 
a pivotal role in the regulation of apoptosis in abnormal 
human VSMC growth. Further studies of p53 and Rb in the 
pathological conditions in vascular disease may provide new 
insights into therapeutic strategies. 
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ABSTRACT Tumor necrosis factor-a (TNFa) is a cyto- 
kine that induces protective inflammatory reactions and kills 
tumor cells but also causes severe damage when produced in 
excess, as in rheumatoid arthritis and septic shock. Soluble 
TNFa is released from its membrane-bound precursor by a 
membrane-anchored proteinase, recently identified as a mul- 
tidomain metalloproteinase called TNFa-converting enzyme 
or TACE. We have cocrystallized the catalytic domain of 
TACE with a hydroxamic acid inhibitor and have solved its 2.0 
A crystal structure. This structure reveals a polypeptide fold 
and a catalytic zinc environment resembling that of the snake 
venom metalloproteinases, identifying TACE as a member of 
the adamalysin/ADAM family. However, a number of large 
insertion loops generate unique surface features. The pro- 
TNFa cleavage site fits to the active site of TACE but seems 
also to be determined by its position relative to the base of the 
compact trimeric TNFa cone. The active-site cleft of TACE 
shares properties with the matrix metalloproteinases but 
exhibits unique features such as a deep S3' pocket merging 
with the SI' specificity pocket below the surface. The structure 
thus opens a different approach toward the design of specific 
synthetic TACE inhibitors, which could act as effective ther- 
apeutic agents in vivo to modulate TNFa-induced pathophys- 
iological effects, and might also help to control related 
shedding processes. 



Tumor necrosis factor-a (TNFa) (1), a major immunomodu- 
latory and proinflammatory cytokine, is synthesized as a 
223-aa membrane-anchored precursor. The soluble form of 
TNFa, comprising the C-terminal two-thirds of this precursor, 
is released into extracellular space by limited proteolysis at the 
Ala-76 -» Val-77 bond. The proteinase responsible for this 
cleavage, called TACE or ADAM 17, has recently been 
identified (2, 3) as a zinc-endopeptidase consisting of a mul- 
tidomain extracellular part, an apparent transmembrane helix 
and an intracellular C-terminal tail. The extracellular part 
comprises an N-terminal pro domain, a 259-residue catalytic 
domain, and a Cys-rich moiety that has been hypothesized to 
be composed of a disintegrin-like, an epidermal growth factor- 
like, and a crambin-like domain (2). Its polypeptide sequence, 
in particular, that accounting for the catalytic domain, indi- 
cates some similarity with other metzincins (4, 5), especially 
with the adamalysins/ADAMs (6-8) (a protein family com- 
prising snake venom metalloproteinases and membrane- 
anchored surface proteins containing an adamalysin-like cat- 
alytic domain) and the matrix metalloproteinases (MMPs). In 
comparison to enzymes in these families, however, the 
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polypeptide chain of the TACE catalytic domain is clearly 
longer and is stable in the absence of calcium. Further, in 
contrast to the MMPs, TACE is relatively insensitive to the 
tissue inhibitor of metalloproteinases- 1 (TIMP-1) (9) and 
exhibits a different inhibition pattern toward synthetic inhib- 
itors (9-12). In contrast to the MMPs, TACE cleaves a 12-mer 
peptide spanning the cleavage site in pro-TNFa selectively 
between Ala and Val (9). TNFa has been implicated in various 
deleterious physiological conditions such as rheumatoid ar- 
thritis, cachexia, and endotoxic shock; thus, blocking its release 
into the circulation by inhibitors might provide major thera- 
peutic benefits (10-13). 

We have undertaken an x-ray crystal structure analysis of the 
catalytic domain of TACE. This experimental model clarifies 
the structural and evolutionary relationships of TACE to other 
metzincins and will allow the structure-based design of TACE 
inhibitors capable of discriminating against other structurally 
related enzymes. 

MATERIALS AND METHODS 

A DNA construct encoding the pro and the catalytic domain 
of human TACE (residues 1-477), with Ser-266 changed to 
Ala and Asn-452 to Gin to prevent N-linked glycosylation, and 
with the sequence Gly-Ser-(His) 6 added to the C terminus to 
facilitate purification, was expressed in CHO cells (R.A.B., 
unpublished data). These cells primarily secreted processed 
TACE, about half of which began with Val-212 and half with 
Arg-215. This mature proteinase mixture was purified by 
NTA-Ni affinity chromatography followed by gel filtration, 
and was cocrystallized with the Immunex compound 3, AT-{d,l- 
[2-(hydroxyamino-carbonyl)methyl]-4-methylpentanoyl}L-3- 
(tert-butyl)glycyl-L-alanine at room temperature in about 20% 
isopropanol, 20% PEG4000, and 0.1 M citrate, pH 5.4, by using 
the sitting drop vapor diffusion technique. These crystals 
belong to the monoclinic space group P 2u have cell constants 
a = 61.38 A, b = 126.27 A, c = 81.27 A, j8 = 107.41°, and 
contain four molecules in the asymmetric unit. 

Anomalous diffraction data to 2.0 A were collected with a 
MAR345 imaging plate scanner at 100 K on the BW6 wiggler 
beam line of DORIS (Deutsches Elektronen Synchrotron, 
Hamburg, Germany), by using monochromatic x-ray radiation 
at the wavelengths of maximal f" (1.2769 A) and minimal f 
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(1.2776 A) at the K absorption edge of zinc and at a remote 
wavelength (1.060 A). These data were evaluated and scanned 
by using denzo/scalepack (14), yielding 77,653 independent 
reflections from 1,051,836 measurements (96.9% complete- 
ness, fl-merge 0.031 in intensities). 

All attempts to solve the crystal structure by Patterson 
search/molecular replacement methods by using modified 
adamalysin models failed to give useful starting positions for 
phasing. Thus, the four independent zinc atoms were located 
from an anomalous difference Patterson synthesis. Multiple 
wavelength anomalous diffraction phases were refined (yield- 
ing 5.0 and -5.1 electrons for f and f at 1.2769 A, and 2.6 and 
-9.0 electrons for f and f at 1.2776 A) and calculated with 
mlphare (15) including all measured data to 2.0 A resolution. 
Their initial mean-figure-of-merit of 0.53 was increased to 0.76 
by solvent flattening/histogram matching methods applying 
the program DM (16). This density allowed building of the 
complete chains of the four independent TACE catalytic 
domains and the bound hydroxamic acid inhibitors on an SGI 
graphic station by using turbo-frodo (17). This model was 
crystallographically refined with xplor (18) and with refmac 
(19) without applying any noncrystallographic symmetry re- 
straints. 

Molecules 1 and 3 and 2 and 4 are defined from Asp-219 and 
Met-221, respectively, to Ser-474. The R factor of the model, 
comprising, besides the 4 protein molecules, 4 inhibitor mol- 
ecules, 172 solvent molecules, and 4 zinc ions, is 18.6% (fi-free, 
27.4%) for 71,400 independent reflections from 12.0 to 2.0 A 
resolution. The rms deviation from target bond values is 0.015 
A. Omitting 10 to 15 residues, the molecules show rms 
deviations of 0.22 (molecules 1 with 3, and 2 with 4) to 0.40 A 
(the residual combinations), values close to the estimated 
experimental error. Considerable shifts are only visible in a few 
surface loops, in particular in the second "ear." 

RESULTS AND DISCUSSION 

The monoclinic crystals contain four molecules in the crys- 
tallographic asymmetric unit. The molecules are not arranged 
as separate symmetric tetramers, but form an infinite periodic 
structure without a transition. In spite of quite different crystal 
contacts, the four molecules have, except for shifts of a few 
surface loops, very similar structures allowing a common 
description of the essential structural features. 

The TACE catalytic domain (Fig. 1) has the shape of an 
oblate ellipsoid, notched at its flat side to give a relatively small 
active-site cleft separating a small "lower" subdomain from an 
"upper" main molecular body (Fig. 2b). Central to it is a highly 
twisted, five-stranded /3-pleated sheet (strands sI-sV, see Figs. 
1 and 3) flanked on its convex side by a-helices hB and hB2 and 
on its concave side by helices hA and hC. /3-strands sll and sill 
are linked by a large "multiple-turn loop," a long "interme- 
diate" a-helix (hB), and an adjacent short a-helix (hB2), all 
arranged on "top" of the j3-sheet and thus fully shielding its 
central part from bulk water (Fig. 1). The multiple-turn loop 
is bulged out at two sites, giving rise to a "spur-like" and an 
"acidic" protuberance (visible in Fig. 2b on top of the mole- 
cule). The sill-si V linker terminates in a short "bulge" before 
entering the "edge" strand sIV, the only antiparallel /3-strand. 
The sIV-sV connecting segment is dissected into two large 
"ear-like" surface loops, the first one nestling to the main 
molecular body (giving rise to the "blue" surface, center left 
in Fig. 2b), and a long 0-hairpin loop (sIVa-sIVb) projecting 
from the molecular surface (upper left in Figs. 1 and 2b). A 
bulged-out loop links sV with the "active-site helix" hC, which 
is located in the center of the molecule and stops abruptly at 
the strictly conserved Gly-412. At this point, the chain kinks 
down to build the lower subdomain. 

The C-terminal chain comprising the last 61 residues of the 
TACE catalytic domain (Fig. 3) first forms three short, 
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Fig. 1. Ribbon diagram of the TACE catalytic domain. The chain 
starts and ends on the lower and upper left backside, respectively. The 
three disulfides are shown as green connections and the catalytic zinc 
is shown as a pink sphere. His-405, His-409, His-415, Met-435, Pro-437, 
and the inhibitor (white) are shown with their full structure. The figure 
was made with setor (20). 

straight, almost perpendicularly arranged segments linked by 
two "narrow," super-twisted loops. From there it returns via 
the tight "Met-turn" Tyr-433 -> Val-434 -» Met-435 -> 
Tyr-436 back to the surface where it kinks at Pro-437 to form 
the Pro-437 Ile-438 Ala-439 outer "wall" of the SI' 
crevice. Then, a wide loop precedes the C-terminal a-helix hD, 
after which the chain ends up on the molecular "back" surface 
close to the N terminus (Fig. 1). The first of the two "narrow" 
loops is disulfide-linked via Cys-423 — > Cys-453 to the N 
terminus of helix hD. The C-terminal end of this helix is 
clamped to the "ear-like" sIV-sV linker peptide through 
Cys-365 -> Cys-469. The spatially adjacent third disulfide 
bridge, Cys-225 Cys-333, connects the N-terminal parts of 
/3-strands si and sill. The last defined residues, Arg-473 and 
Ser-474, are fixed via hydrogen bonds to the main molecular 
body. In the intact TACE molecule, the following (presumably 
disintegrin-like) domain would probably pack to the "left 
back" surface side of the catalytic domain (see Fig. 5). 

The active-site cleft of TACE (see Fig. 5) is relatively flat on 
the left-hand (nonprimed) side but becomes notched toward 
the right. The catalytic zinc residing in its center is penta- 
coordinated by the three imidazole Ns2 atoms of His-405, 
His-409, and His-415 (provided by the active-site helix and the 
following "descending" chain, together comprising the con- 
served zinc-binding consensus motif HEXXHXXGXXH) and 
by the carbonyl and the hydroxyl oxygens of the inhibitors 
hydroxamic acid moiety, which presumably displaces a water 
molecule in the active enzyme (Figs. 4 and 5). This zinc- 
imidazole ensemble is placed above the distal e-methyl-sulfur 
moiety of the strictly conserved Met-435, found in the Met- 
turn characteristic of the metzincin clan (5). Both carboxylate 
oxygens of the "catalytic" Glu-406 [which acts as a general base 
during catalysis (24)], squeezed between the zinc-liganding 
imidazole of His-405 and the edge strand, are hydrogen 
bonded to the hydroxyl and the N — H group of the hydroxamic 
acid (Fig. 4). Immediately to the right of the catalytic zinc 
invaginates the medium-sized, essentially hydrophobic, SI' 



3410 Biochemistry: Maskos et al. 



Proc. Natl. Acad. Sci. USA 95 (1998) 




Fig. 2. Solid-surface representations of the catalytic domains of adamalysin II (6, 7) (a), TACE (b), and MMP-3 (d) (21). The electrostatic 
surface potentials are contoured from -20 (intense red) to 20 k B T/e (intense blue). The active-site clefts run from left to right, with the catalytic 
zinc atoms (pink spheres) in the centers. In TACE, the bound inhibitor is shown in full structure. Orientations are equivalent to Fig. 1. The figure 
was made with grasp (22). 



specificity pocket (Figs. 2b and 5). Further to the right opens 
through a polar entrance a second hydrophobic (S3') pocket, 
which merges inside the molecule with the SI' pocket bridged 
by the opposing side chains of Ala-439 and Leu-348. 

The (pseudo)peptidic part of the inhibitor binds in an 
extended geometry to the notched right-hand side of the 
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Fig. 3. Alignment of the catalytic domain sequences of adamalysin 
II (ADA MXRO AD) (7) and human ADAM 10 (hADAMlO) (23) 
with TACE (2, 3). These sequences were aligned according to their 
topological equivalence and visually, respectively. Residue numbering 
is made according to the coded TACE sequence. Arrows and braces 
represent j3-strands and a-helices in TACE. Blue symbols indicate 
topologically nonequivalent residues of adamalysin and TACE, and 
red designates residues that are identical in all three proteinases. 



active-site cleft, mimicking the interaction of the primed 
residues of a productively bound peptide substrate (Fig. 5). It 
runs antiparallel to the upper short bulge Gly-346 -> Thr-347 
— > Leu-348 and parallel to the SI' wall segment, forming two 
intermain-chain hydrogen bonds with each of them. The 
dominant intermolecular interactions are made by the PI' 
isobutyl (pseudo-leucyl) side chain of the inhibitor and the 
hydrophobic bottleneck to the SI' pocket, which accommo- 
dates three additional solvent molecules linked through a 
water channel to the adjacent S3' pocket. The P2' t-butyl side 
chain extends away from the enzyme, but nestles against the 
hydrophobic canopy formed by the enzyme's bulge. The P3' 
Ala side chain points to the large S3' pocket, but is too short 
to make favorable contacts. The C-terminal diaminoethyl 
group extends away from the cleft, adapting two different 
conformations in the four molecules. 

The PI' to P3' segment Val-77 Arg-78 Ser-79 of a 
bound pro-TNFa will probably bind to TACE in a similar 
manner, with the isopropyl side chain of Val-77 just fitting into 
the hydrophobic SI' neck, the Arg-78 side chain anchoring to 
the carbonyl and hydroxyl groups at the upper rim, and the 
Ser-79 hydroxyl interacting with the polar entrance to the S3' 
pocket. The preceding P3 to PI pro-TNFa residues Ala-74 — > 
Gln-75 -> AIa-76 most likely will align antiparallel to the edge 
strand, with their side chains extending into the S3 pocket and 
the (polar) shallow S2 depression, and projecting out of the 
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Fig. 4. Stereo section of the final 2.0 A electron density around the 
catalytic zinc (pink sphere) superimposed with the final TACE model 
(with His-405 in the back, Glu-406 and the hydroxamic acid inhibitor 
moiety on top, His-409 to the left, and Met-435 and His-415 at the 
bottom). The average Zn — N or O distances are 2.3 A. Orientation is 
similar to Fig. 1. Figure was made with turbo-frodo (17). 
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Fig. 5. Close-up view of the active-site cleft of TACE. On top of 
the solid surface representing the proteinase the bound inhibitor is 
shown in full structure, slotting with its isobutyl (PI') and its Ala (P3') 
side chains into the deep SI' and the novel S3' pockets. Figure was 
made as Fig. 2b (22). 

(hydrophobic) cleft, respectively (Fig. 5). Thus, the preferen- 
tial pro-TNFa cleavage at Ala-76 -» Val-77 by TACE can 
partly be explained by favorable interactions in the active- site 
vicinity. Experimental evidence (25-27) suggests, however, 
that the cleavage site is also determined by its arrangement 
relative to the base of the compact cone (28) formed by the 
associated C-terminal segments of three pro-TNFa molecules 
(25). Preliminary docking experiments show, in fact, that the 
base of this TNFa-trimer cone [into which the six to eight 
disordered N-terminal TNFa residues ascend (28)] might be 
specifically recognized by the "right" side of the TACE 
catalytic domain, so that the pro-TNFa cleavage segment 
would precisely lock with its Ala-76 -> Val-77 pair into the 
active site of TACE (Fig. 6). In addition, the processing of the 
membrane-bound pro-TNFa by TACE in vivo might be guided 




Fig. 6. Schematic model of the hypothetical pro-TNFa-TACE 
complex. The full-length activated TACE consists of the catalytic 
domain (shown in standard orientation, Fig. 1), a disintegrin-like 
domain, a Cys-rich moiety, the transmembrane segment, and the 
intracellular domain. The trimeric pro-TNFa consists of intracellular 
segments, transmembrane segments, 26-28 residue spacers forming a 
stalk, and the compact trimeric TNFa cone (28). TACE and pro-TNFa 
might be anchored in the membrane in such a manner that the TNFa 
cone is attached to the "right" side of the catalytic domain, with the 
scissile Ala-76 -> Val-77 bond of one extended pro-TNFa strand 
placed above the active site. 
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by assembling, i.e., by the mode of presentation of the [pre- 
sumably nonstructured (26)] pro-TNFa cleavage segment to 
the TACE active site at a defined distance from the anchoring 
membrane. 

The polypeptide topology and in particular the surface 
presentation of the catalytic zinc reveal the catalytic domain of 
TACE to be a typical metzincin (4, 5), with closest similarities 
to the catalytic domain of snake venom metalloproteinases 
such as adamalysin II (6, 7, 29, 30) (Figs. 2a and 7). The close 
structural similarity is reflected by the superposition of the 
central j3-sheet and the long a-helices and, in particularly, by 
a number of structural features that TACE shares exclusively 
with the adamalysins: the long helix hB and the preceding 
multiple-turn loop arranged on top of the j3-sheet; the typically 
arranged and shaped C-terminal helix hD; and the extended C 
terminus placed on the backside surface. About 175 of the 259 
TACE and 201 adamalysin residues are topologically equiva- 
lent (with a Ca-atom rms deviation of 1.3 A), and 39 of them 
are identical (see Fig. 3). Additional structural features that 
confirm the close relationship of TACE to the adamalysins 
include: the loosely arranged N terminus; the characteristic 
Asp-416 (directly following the zinc-binding consensus motif, 
Fig. 3) involved in identical intramolecular hydrogen bond 
interactions; the adjacent disulfide bridge Cys-423 — > Cys-453 
linking the first narrow loop to the C-terminal helix hD [which 
TACE does not share with adamalysin II or atrolysin, but with 
the H2-proteinase from the snake venom of Trimeresurus 
flavoviridis (30)]; and disulfide bridge Cys-365 Cys-469 
connecting the sIV-sV linker with the C-terminal helix hD. 

However, the catalytic domain of TACE also differs from 
adamalysin in several respects: with 259 residues, its chain is 
much longer; most of the additional residues of TACE are 
clustered, giving rise to the two surface protuberances of the 
multiple-turn loop, to the two "ears" of the sIV-sV linker, and 
to a more bulged-out sV-hC connector (see Figs. 3 and 7); 
TACE lacks an adamalysin-like calcium-binding site (though 
the disulfide bridge Cys-225 -> Cys-333 in TACE serves the 




Fig. 7. Superposition of the ribbons of the catalytic domain of 
TACE (gold) and adamalysin (blue) (6, 7). Also shown are the catalytic 
zinc of TACE (pink sphere) and the three (TACE) and two (adama- 
lysin) disulfide bridges. Orientation is similar to Fig. 1. Figure was 
made with grasp (22). 
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same function clamping the N- terminal chain to strand sill); 
TACE has a deep S3' pocket merging with its SI' pocket; and 
the charge pattern in and around the primed subsites is 
inverted in TACE compared with adamalysin (Fig. 2 a and b). 

This structure thus shows that TACE is not a typical member 
of the mammalian ADAMs but stands outside. TACE shares 
this role with ADAM 10, for which a TACE-like specificity has 
been demonstrated (23, 31) and whose Drosophila version 
(kuz) has recently been shown to process the transmembrane 
receptor Notch (32). ADAM 10, too, probably exhibits an 
elongated hA-sII loop and the two "ears" found in TACE, but 
might have a multiple-turn intermediate in size between 
TACE and adamalysin. Ninety-one of the ADAM 10 catalytic 
domain residues are identical to TACE (Fig. 3). The other 
mammalian ADAMs, in contrast, probably resemble adama- 
lysin II much more closely (see ref. 7). 

The structural homology between the catalytic domains of 
TACE and the MMPs is significantly lower. The relative 
arrangement of the common secondary structural elements 
differs more (reflected by the significantly larger rms deviation 
of 1.6 A of the approximately 120 topologically equivalent 
Ca-atoms), and the MMPs lack characteristic TACE/ 
adamalysin structural elements (such as the intermediate helix 
hB and the multiple-turn loop, the Asp residue following the 
third zinc-binding histidine) or exhibit common features (such 
as the structural zinc and the integrated calcium ions) not seen 
in TACE. Notwithstanding the obvious differences in second- 
ary structure, the active-site cleft of TACE bears some simi- 
larity to that of the MMPs, with the flat, nonprimed (left-hand) 
side, and the narrow primed side centering around the SI' 
pocket of varying size (Fig. 2 b and c). This subsite similarity 
to the MMPs explains the observed sensitivity of a TACE-like 
activity to synthetic hydroxamic acid inhibitors originally de- 
signed for inhibition of various MMPs (11). Model building 
experiments with the TIMP-1 structure (21) show no obvious 
steric interference in the active-site region that could explain 
why TACE is insensitive to the TIMPs (9); more detailed 
studies will hopefully allow the design of TTMP-variants with 
improved affinity for TACE in the near future. 

This TACE crystal structure thus gives evidence for a 
substantial topological similarity between the catalytic do- 
mains of TACE and the adamalysins/ADAMs, and it shows 
that TACE's substrate-binding site resembles that of the 
MMPs. TACE exhibits, however, several structural peculiari- 
ties regarding surface charge and shape, which may enable the 
design of potent selective synthetic inhibitors. Such tailored 
inhibitors could be of wide use to study the physiological role 
of TACE, as well as that of TNFa, but, in particular, could also 
become valuable therapeutics of arthritic lesions and may 
increase the rate of survival in various endotoxin-induced 
septic shock syndromes (10). Such tailored inhibitors might 
clarify the role of TACE in the processing of other members 
of the TNF superfamily and in the shedding of a number of 
other cell surface proteins (12, 33). 
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